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Chapter 1: Introduction 
Parts of this chapter where published in Current Opinion in Colloid and Interface Science, 
Vol. 19, No. 2, pages 84-94, 2014 in cooperation with Prof. W. Richtering and Dr. A. 
Schwarz, Prof. K. Leonhard and Prof. A. Bardow from the Chair of Technical 
Thermodynamics, RWTH Aachen. 
1.1 Polymers and polymer networks 
Synthetic polymers have become an important part of industry since Staudinger described 
“macromolecules” in 19201. Various applications of synthetic polymers can be found in all 
parts of our daily live. Biopolymers are the basis of living organisms.2 (The term “polymer” is 
restricted to macromolecules, which possess molecular weight higher than 1 × 104 g mol-1.) 
Polymers are characterised according to their sub-units (monomers) as e.g. polyacrylates or 
polyalkanes. Polymers composed of a single kind of monomers are referred to as homo-
polymers, while copolymers are composed of more than one kind of sub-units.2 Furthermore, 
polymers are classified by their molecular structure. They can be linear, branched, star-shaped 
or cross-linked.2 
Cross-linked polymers are called polymer networks.3 Two categories of network cross-
linking are known: physical and chemical.2,3 Physical networks are connected by hydrogen-
bonds (H-bonds), Coulomb interactions or van-der-Waals interactions.2 Physical networks 
can also be formed through entanglement of linear chains.2 Such networks disintegrate 
usually into polymer chains in an appropriate solvent. In contrast to that, chemical networks 
are cross-linked by covalent bounds and do not disintegrate but usually swell in appropriate 
solvents.2,3 Swellable polymer networks are named gels, if swollen in water hydro-gels. 
Microgels are spherical, cross-linked polymer particles in size rage of several nm up to 
several µm.4-,6 Such particles are colloidal stabilized in solution. Microgels were first 
described by Staudinger and Heuer in 1934.4 Since then microgels received growing attention 
from research and industry. This is because microgels can be prepared with a very narrow size 
distribution and they can be colloidally stable even above the volume phase transition 
temperature (VPTT).4,5 Furthermore, more complex architectures as e.g. core-shell particles 
can be prepared.7,8 Many applications for microgels were discussed and some are in use 
today.9 Examples are drug delivery and other uptake and release applications.9,10 
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1.2 Microgels and polymers in solution 
In general, due to interactions between solvent and solute the free energy of the systems 
decreases, which results in the solvation of the solute.11 A so-called “good solvent” is able to 
reduce the free energy. For example water is a good solvent for hydrophilic polymers; those 
polymers are hydrated in water. However, not all solvents are able to solvate a given polymer. 
Such “nonsolvents” increase the free energy and the polymer precipitates.11 The solvent 
quality for a given solvent governs the thermodynamic properties of the solution. Depending 
on the solvent quality the chain can assume different conformations. In a good solvent the 
chain is likely to be in extended or random coil form, whereas in a nonsolvent the chain is 
collapsed to a globule. 
1.2.1 Flory-Huggins Theory 
Flory and Huggins made important contributions to the thermodynamical description of 
polymers in solution2 and their theoretical approach, the Flory-Huggins mean field theory 
(FH-theory), is still used widely.11 According to FH-theory the polymer-solvent entropy of 
mixing is small. Thus, enthalpy of mixing, which is associated with interactions between 
polymer and solvent, is crucial. Such interactions include van-der-Waals interactions, dipole-
dipole interactions and H-bonds. The FH parameter χ is connected to the interaction energies 
of polymer-polymer-, solvent-solvent-, and polymer-solvent-interactions. Favourable 
polymer-solvent interactions are conveyed by a negative χ. Conversely, favourable polymer-
polymer and solvent-solvent interactions are indicated by a positive χ.2,11 The FH-mean field 
theory predicts further that ∆µ, the chemical potential of a polymer chain in dilute solution, 
deviates least from an ideal solution if χ = 0.5. Since ∆µ  and the osmotic pressure Π are 
connected to each other, Π is also close to the value of an ideal solution if χ = 0.5. When 
χ > 0.5, polymer-polymer interaction are favoured; the entropy of mixing is not sufficient to 
compensate the increase in Π. In the χ < 0.5 case, entropy dominates and polymer-solvent 
interaction become favoured as χ turns negative.11 The FH-theory was extended to describe 
interactions in three component systems, for example polymer in solvent mixtures.12 
The FH-theory can be compared with experimental data. For this Π is expressed by: 
...
3
3
2
2 +++=
Π
cAcA
M
c
TkN BA                                  1.1) 
where NA is the Avogadro constant, kB the Boltzmann constant, T the thermodynamical 
temperature, c the concentration and M the molecular weight of the polymer. A2 and A3 are the 
second and third virial coefficient. The second virial coefficient A2 represents the polymer-
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polymer (particle-particle) interaction. If entropy of mixing compensates attractive polymer-
polymer and repulsive polymer-solvent interaction A2 is 0; the polymer-solution is close to an 
ideal solution. The FH-parameter χ becomes 0.5 if A2 = 0. This condition is known as the 
theta-state (also as Θ).11 Deviations from A2 = 0 represent the non-ideality of the real polymer 
solution.11 Virial coefficients can, for example, be determined by static light scattering (SLS). 
1.2.2 Phase separation 
The thermodynamics are of importance for the stability of the system. Unfavourable 
interaction can lead to spontaneous phase separation into two phases. Stability of a polymer 
solution is influenced by polymer fraction, molecular weight and of cause by polymer-solvent 
interaction parameters. 
The main driving force for phase separation is reaching a thermodynamically favoured 
state.11 A phase diagram describes the solubility conditions of a given polymer in a given 
solvent. Figure 1.1a displays a phase diagram typical for polymers which are solvated in 
water due to H-bonds.11 The critical temperature (Tc) is at the lowest point of the coexistence 
curve. Thus, Tc is described as the lower critical solution temperature (LCST).11 
Other polymer-solvent systems separate upon cooling. Then the system has an upper 
critical solution temperature and the phase diagram is like displayed in Figure 1.1b. 
 
Figure 1.1: (a) A LCST-type phase diagram and (b) an UCST-type phase diagram. 
Some polymers respond with phase separation upon external stimuli like temperature, 
pressure, solvent or pH.13-15 Those polymers are called sensitive. 
a b 
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1.3 Sensitive polymers 
Stimuli-sensitive polymers are an important class of materials. Especially water-based 
systems are of great interest for various applications as e.g. catalysis, sensors, enzyme 
encapsulation, drug delivery and many others.6,9 Aqueous polymer solutions often show phase 
separation in response to changes of temperature or pH.13-15 Linear polymers precipitate 
whereas macroscopic gels and microgels shrink and expel the solvent; that transition is 
usually termed as volume phase transition (VPT).8 
The most prominent example of temperature sensitive polymers in aqueous solution is 
poly-N-isopropylacrylamide (PNIPAM) with a transition temperature of ~ 32 °C.5,14-16 Thus, 
water is a good solvent below 32°C and a poor solvent at higher temperatures. Pelton and 
Chibante described the first PNIPAM microgel in 1986.5 The phase transition of PNIPAM 
(linear, gel and microgel) in water was extensively studied experimentally and theoretically 
throughout the years. The volume phase transition is entropy-driven and hydrogen-bonding 
plays an important role.5,15-23 The phase transition temperature depends on molecular 
weight24,25, polymer concentration26, tacticity27-29 as well as on the topology (cyclic, linear, 
branched).30,31 Also the pressure dependence was studied.32-34 
Recently microgels have been the subject of increasing investigation.5,8,14,22 This is due to 
the fact that microgels can be prepared with a very narrow size distribution and they can be 
colloidally stable even above the volume phase transition temperature (VPTT).5 Furthermore, 
more complex architectures such as e.g. core-shell particles can be prepared.7,10 
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1.4 The cononsolvency effect 
Some polymers are not only sensitive to temperature or pH but also to the composition of 
solvent mixtures. In special cases a mixture of two good solvents can be a bad solvent for the 
same polymer.35 This effect is named cononsolvency.12,36  
For example methanol and water are both good solvents for PNIPAM. But certain 
mixtures of both are unfavourable. A PNIPAM microgel particle collapses upon the addition 
of methanol (MeOH) to an aqueous dispersion at room temperature.37 This is illustrated in 
Figure 1.2. Linear polymers precipitate from solution36 and macrogels23 also collapse. Adding 
further MeOH leads to re-swelling of microgels and macrogels respectively and re-solvation 
of linear chains.37 
 
Figure 1.2: Illustration of cononsolvency effect of a PNIPAM microgel in MeOH/water mixture: the 
microgel collapses upon the addition of MeOH to an aqueous dispersion without changing the 
temperature of the system. Adding more MeOH leads to re-swelling of the microgel. 
The cononsolvency behaviour of linear polymers,31,36,38 gels23,39 and microgels37,40,41 
received some attention in recent years. Cononsolvency is mainly studied for the case of 
PNIPAM23,31,37,42-46 but other systems have been reported as well.40,47-49 Linear poly-N,N-
diethylacrylamide (PDEAAM)50,51 and copolymers of NIPAM and DEAAM51 were studied 
regarding cononsolvency. Cononsolvency of PNIPAM was found in water/MeOH36,52-56 
mixtures as well as in other water/alcohol37,57-60 mixtures and in water/other organic solvents 
mixtures.61-64 
Different theoretical approaches were developed to explain and predict the origin of the 
cononsolvency behaviour of polymers and gels.65 One is the theory of preferential adsorption 
by Tanaka and co-workers,45,46,66-68 another describes an extended quasi-chemical 
thermodynamic model.69 Other theoretical studies include molecular dynamics simulation 
(MD)29,39,70-79 or density functional theory (DFT)25. Thermodynamic modelling with the 
perturbed-chain statistical association fluid theory (PC-SAFT) equation of state was also 
done.80,81 An overview of different theoretical approaches for the modelling of the phase 
behaviour of polymers and gels can be found in literature.82-85 The structure and the solvent-
solvent interactions of the MeOH/water mixtures and other organic solutes in water were 
investigated and discussed widely in the literature.86-90 
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In the following various studies on cononsolvency are discussed. The focus is on 
PNIPAM and its cononsolvency behaviour in water/MeOH mixtures since the thesis is 
concerned with this. However, there are many interesting studies on cononsolvency of related 
systems, which are briefly described in chapter 1.4.2. 
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1.4.1 PNIPAM in MeOH/water mixtures 
1.4.1.1 Linear PNIPAM chains 
Winnik and co-workers performed an early study concerning cononsolvency of linear 
PNIPAM chains.36 They used the cloud point (CP) and its shift in MeOH/water mixtures 
compared to the CP in pure water to describe the cononsolvency effect. Winnik and co-
workers found a continuous decrease of the CP of PNIPAM (Mv = 1.7*106 g mol-1) from 
molar methanol fraction xMeOH = 0.05 to 0.35 (10 to 55 vol %).36 A minimum in LCST is 
found with xMeOH = 0.35 (-7.5 °C, 55 vol %) followed by a strong increase in LCST. The last 
LCST specified is at xMeOH = 0.45 (14.5 °C, 65 vol %). 
Schild et al. confirmed the results from Winnik et al.12,36 They studied linear PNIPAM 
chains of much lower molecular weight (Mw = 160 kg mol-1) in MeOH/water, by turbidimetry 
and CP.12 Winnik and co-workers91 used Electronic Paramagnetic Resonance (EPR) 
experiments to study LCST of PNIPAM. Transition temperatures found for the labelled-
PNIPAM sample with MW = 340 kg mol-1 in mixtures correspond well with those deduced 
from turbidity earlier.12,36 These data raise the question whether the length of linear chains has 
an influence on cononsolvency in MeOH/water mixtures.45 Figure 1.3 summarizes data from 
various studies. 
0.0 0.1 0.2 0.3 0.4 0.5
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Figure 1.3: CP or LCST of PNIPAM chains with different molecular weight in MeOH/water mixtures. 
(Black data points are from reference 45; grey data points from references 12 (squares), 36 
(circle), 56 (stars) and 91 (diamonds).). The dotted lines are guides to the eye. 
As Figure 1.3 displays, the dependency of cononsolvency on molecular weight is most 
pronounced for rather short chains. Moreover, the influence of the molecular weight is hardly 
detectable for methanol fractions below xMeOH ~ 0.12. Molar MeOH fraction where the lowest 
LCST is found (xmin) is shifted to higher values with increasing molecular weight. 
Cononsolvency no longer depends on molecular weight above a molecular weight of 
Mw ~ 160 kg mol-1. As an explanation Tanaka et al. suggested the concept of competitive 
hydrogen-bonding, which is described later in detail.45 
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The phase behaviour of linear PNIPAM chains was investigated by other experimental 
techniques as well. Schild et al. determined transition temperatures from differential scanning 
calorimetry (DSC).12 Peak temperatures from transitions curves are similar to CPs determined 
from turbidimetry. Moreover, calorimetry shows that transition enthalpy decreases as the 
volume fraction of cononsolvent increases. From the EPR measurements91 mentioned above, 
it is moreover deduced that upon temperature increase in mixtures, the solvent composition at 
the chain itself does not change (at and above the LCST). 
Later the same group studied differently labelled PNIPAM chains: PNIPAM, PNIPAM 
labelled with 4-amino-2,2’,6,6’-tetramethylpiperidine-oxide (here: “TEMPO”, a stabilised 
radical), PNIPAM labelled with pyrene and PNIPAM labelled with pyrene and TEMPO with 
EPR. The labels do not affect the LCST.42 
Several light scattering and infrared spectroscopy (IR) studies focused on the equilibrium 
state of PNIPAM chains in certain mixtures compared to water at a fixed temperature: Zhang 
and Wu used light scattering to determine the hydrodynamic radius (Rh) and the radius of 
gyration (Rg) of long PNIPAM chains (MW = 2.63*107 g mol-1) in water and in different 
MeOH/water mixtures at 20 °C.52 The PNIPAM chains experience a coil-to-globule transition 
if the methanol fraction is increased to xMeOH = 0.17. The chain stays in globule state between 
xMeOH = 0.17 and xMeOH = 0.4. Above xMeOH = 0.4, the chain expands again from globule to 
coil. These xMeOH values are quite close to the ones Winnik et al.36 and Schild et al.12 found. 
Fourier transform infrared spectroscopy (FTIR) was performed by Liu et al. with linear 
PNIPAM chains (Mn = 9.26*105 g mol-1) at 25 °C.44 They studied the molecular structure of 
PNIPAM in MeOH/water mixtures.44 Major changes in the spectra occur at xMeOH = 0.15 and 
xMeOH = 0.65. Below xMeOH = 0.15 the chain is solvated, between xMeOH = 0.15 and 
xMeOH = 0.65 chains precipitate and re-solvate again above xMeOH = 0.65. Thus, the re-swelling 
transition was found at higher MeOH content than in the previous studies. 
Moreover, Sun and Wu studied the dynamics of water/MeOH clusters in the presence of 
linear PNIPAM with FTIR and calorimetric measurements.92 They confirmed data from IR 
studies by Liu et al. mentioned above.44 
Katsumoto et al. studied the intramolecular H-bond (C=O°°°H-N) and its contribution to 
solvent induced phase transition by IR.93 To be more specific, changes of the local 
environment of a PNIPAM chain with increasing fraction of MeOH were investigated at 
23.8 °C. Upon the addition of MeOH to an aqueous PNIPAM solution the spectral properties 
of the amide I band change. An additional band appears at 1652 cm-1 which increases in 
intensity with increasing methanol fraction. Additionally quantum mechanical calculations 
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support the interpretation of the spectra. Later Tanaka et al. described cooperative hydration 
of PNIPAM chains in MeOH/water mixtures by a statistical-mechanical model.94 
Though similar experimental results were found, most authors developed different models 
to explain the cononsolvency effect. Winnik et al.36 stated that MeOH is the better solvent for 
PNIPAM compared to water, thus the chain is more flexible in MeOH than in water. Winnik 
et al. attribute cononsolvency to formation of water/MeOH clusters, which reduces solvation 
of polymer molecules by water.36 According to them, this leads finally to precipitation of 
PNIPAM at certain methanol fractions. 
Schild et al.12 suggested on the basis of DSC that either strength or number of polymer-
water interactions is reduced by the cononsolvent. This may result from preferential 
adsorption of MeOH or complexation of MeOH and water. Moreover these authors had a 
closer look on a theory, which takes the Flory-Huggins (FH) interaction parameter into 
account. 
In 1992 Winnik et al. suggested the formation of ternary MeOH-water-PNIPAM 
complexes91, which would argue against treatment of the phenomenon with FH-theory. The 
authors suggest that several solvation layers may be involved. These layers are already 
present in the low-xMeOH region where the polymer does not yet precipitate. Drastic changes 
in MeOH/water composition of those layers may occur only in the outer layers. With 
increasing methanol fraction more MeOH molecules are present at the surface of the solvation 
layer. This theory is deduced on the basis of data from combined NMR (nuclear magnetic 
resonance) and EPR measurements. It is suggested that, in the precipitated phase, domains 
exist from which the solvent has been excluded. Some parts of the chain are more collapsed 
than others. Moreover, when increasing temperature in mixtures, the solvent composition at 
the chain itself does not change (at and above the LCST). 
Later42 the same group found (with help of pyrene labelled chains) that MeOH binds 
preferably to PNIPAM. Moreover, the formation of small globule along the labelled chain 
during the chain collapse is described. These globules can be traced because pyrene-excimers 
(exited pyrene dimers) are found in the mixed solvents at low temperature. The excimers are 
only dominant at low temperature. When temperature is raised, polymer-polymer interactions 
and hydrophobicity of the formed PNIPAM-PNIPAM clusters dominate the system. 
Zhang and Wu revisited the idea of solvent complexes and made the case that solvent 
complex formation, which was described earlier36, is the reason for cononsolvency effect.52 
The non ideal behaviour of refractive index with increasing MeOH fraction was used as 
explanation for formation of MeOH/water complexes. Water was suggested to exist 
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predominantly in the pentagon form. These authors did not take the structure of the polymer 
into account. However not all thermosensitive polymers show cononsolvency. 
Liu et al. argued that their FTIR measurements prove the existence of the solvent 
complexes described by Zhang and Wu.44,52 According to these FTIR measurements most 
carbonyl groups are involved in H-bonds with solvents, below a molar MeOH fraction of 
xMeOH = 0.15 (solvated phase). Between xMeOH = 0.15 and xMeOH = 0.65, about 30 % of the 
amide-solvent H-bonds are replaced by intra- and intermolecular interactions of PNIPAM 
chains. Solvation of PNIPAM chains is thereby reduced. Above xMeOH = 0.65 MeOH fraction, 
the interaction between MeOH and PNIPAM chains becomes dominant; the chains are 
solvated again. The H-bond between the amide groups is simultaneously weakened. The 
behaviour at high MeOH fraction was suggested to be based on the amphiphilic character of 
MeOH. 
FTIR measurements by Sun and Wu confirmed that the interaction between MeOH and 
PNIPAM in mixtures with high MeOH fraction is weakened. Moreover, they suggested that 
the PNIPAM chains are more collapsed in the mixtures compared to their conformation in 
pure water.92 Dynamics of cluster formation was suggested to be responsible for a hysteresis, 
which occurs at the re-expansion of PNIPAM chains upon the addition of further MeOH. It 
was furthermore suggested that the hydration process is inhibited or blocked by MeOH/water 
structures. Like other authors before, they explain the collapse of PNIPAM chains with the 
formation of MeOH/water clusters and the subsequent reduction of hydration along the 
polymer backbone. The theory of solvent-solvent structures is in contradiction to other 
theories, which neglect the solvent-solvent interaction67. 
Katsumoto et al. found that upon the addition of MeOH to an aqueous PNIPAM solution93 
an additional band appears at 1652 cm-1 and increases in intensity with increasing MeOH 
fraction. Some previous studies95,96 assigned this band to the intramolecular C=O°°°H-
N bond in collapsed state. Since Katsumoto et al. found that this band increases with 
increasing xMeOH they suggested that it can also be assigned to the intermolecular polymer-
solvent C=O°°°H-O bond. The intramolecular C=O°°°H-N bond was found along side chains 
of the PNIPAM polymer already in good solvent. During the solvent-induced phase 
separation the C=O°°°H-N bond is partially dissociated and was therefore suggested to play 
an important role for phase behaviour of PNIPAM. These findings argue against the 
assumption of Winnik et al.91 who suggested that the added methanol is only active at an 
outer solvent layer surrounding the polymer. 
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1.4.1.2 Macrogels 
Macroscopic gels collapse upon phase transition.5 Most studies on gels focus on the 
influence of solvent compositions at a few constant temperatures. Using gels to study 
cononsolvency behaviour of PNIPAM avoids the question of molecular weight dependency. 
However, one could argue that the cross-linker density in a gel influences phase behaviour or 
VPTT since cross-linker density defines the length of the chains between the branching 
points6. However, cross-linker density has only slight influence on the swelling behaviour of 
the gel and only minor influence on the transition temperature in mixed solvents. This 
becomes apparent by comparing data from a few publications, which are concerned with 
swelling behaviour of PNIPAM macrogels in MeOH/water mixtures.23,39,57,97 As shown in 
Figure 1.4 macrogels are in collapsed state between xMeOH ~ 0.15 and 0.3. Above 
xMeOH ~ 0.35 all shown gels re-swell. There are only slight changes in swelling degree 
between xMeOH ~ 0.7 and 1. In MeOH the gels have similar sizes as in pure water. 
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Figure 1.4: Phase behaviour of PNIPAM macrogels with different cross-linker (BIS) density in 
MeOH/water mixtures. (Black data points are from reference 23, grey points from 
reference 39 and light grey data points from reference 97.) The dotted lines are guides to the 
eye. 
The swelling of a macroscopic gel is often studied by comparing its volume in two 
different states, i.e. in water or in mixtures, at the same temperature.23,39,97 Through the years 
also other methods like high resolution magic angle spinning spectroscopy (HRMAS)98 or 
other spectroscopic methods99 have been applied to gels in solvent mixtures. Unlike the 
volume methods HRMAS is able to detect the local molecular environment of a PNIPAM 
chain. In the following the publications mentioned above and some other examples are 
described in detail. 
Amiya et al.23 studied the phase transition of different PNIPAM gels in MeOH/water 
mixtures. Phase transition in water is continuous for the PNIPAM gel with 0.65 mol% N,N’-
methylenebis(acrylamide) (BIS) in feed. Upon the addition of MeOH at 22 °C, collapse of the 
PNIPAM gel is observed at xMeOH = 0.16 (30 vol % MeOH). This xMeOH value is in good 
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agreement with the value Zhang and Wu found later for the phase transition of linear chains.52 
At 42 °C the gel is collapsed until xMeOH = 0.4 (60 vol %). At 0 °C the gel shows minimum 
volume around xMeOH = 0.31 (50 vol % MeOH). The re-entrant phase transition of the gel was 
explained by strong and favourable MeOH-water interactions, which are enhanced by the 
presence of polymer. 
Hirotsu investigated macrogels at different temperatures.97 At 14.4 °C the gel has similar 
swelling ratios in water and pure MeOH but there is a sharp phase transition around 
xMeOH = 0.16 followed by a gradual increase in size above xMeOH = 0.23. Phase transition of 
the PNIPAM macrogel occurs at lower xMeOH with increasing temperature. At 35.3 °C the gel 
is already shrunken in water. In mixtures with xMeOH < 0.09 the gel experiences discontinuous 
phase transition on heating. Transitions become more and more continuous with increasing 
methanol fraction. 
Walter et al. looked at PNIPAM macrogels in mixtures of water and MeOH 
experimentally and by atomistic molecular dynamics.39 Gels with different cross-linker 
densities (1 mol% and 2 mol% BIS) were studied at different temperatures. The phase 
transition points of their gels were compared to CPs presented by Winnik et al.36 and show a 
comparable trend. The data again show that the range in which the cononsolvency appears is 
almost independent of the degree of cross-linking.39 Therefore, the cononsolvency effect was 
related to the polymer chain and solvent interactions. 
Hirotsu also investigated the temperature dependence of the phase transition of a 
PNIPAM gel (1.22 mol% BIS in feed) in pure solvents (water, MeOH, ethanol (EtOH), iso-
propanol (iPrOH)) and in solvent mixtures.57 The lowest VPTT in MeOH/water mixtures was 
specified in xMeOH = 0.195 and is 12.5 °C. This result is in quite good agreement with Schild 
et al.’s and Winnik et al.’s findings on linear chains.12,36 Another result is that the phase 
transition becomes more continuous with increasing methanol fraction. Thus, in mixtures with 
a molar MeOH fraction above xMeOH = 0.195 no clear volume transition was found anymore. 
However, the gel is still significantly smaller than in pure water. At xMeOH = 0.65 the gel is 
almost fully swollen and no dependence of swelling on temperature is detectable. This value 
was later confirmed as the MeOH fraction where PNIPAM chains are solvated by MeOH 
excess.44 
Another interesting, more recent study is not concerned with swelling ratios but with 
solvent distribution inside the macrogel network. Wang et al.98 applied HRMAS on PNIPAM 
macrogels (the cross-linker density was not specified) in MeOH/water mixtures. PNIPAM gel 
was studied in xMeOH = 0.05 and xMeOH = 0.025. In pure water at 37 °C these authors discuss 
two different “species” of water: one is bound to the polymer chain; the other is free or bulk 
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solvent. The transition temperature is shifted to 30 °C in the xMeOH = 0.05 mixture. Above 
30 °C one of the signals splits into two peaks. Therefore, the existence of free and confined 
MeOH is suggested. They found that alcohol binds preferably to the polymer; there is more 
alcohol in the bound solvent along the polymer network than in the bulk („free“) solvent. 
Another publication is concerned with tacticity of PNIPAM macrogels and the resulting 
influence on swelling ratio and cononsolvency behaviour of the gels.99 The swelling ratio 
decreases with increasing isotacticity. The minimum of the swelling ratio in MeOH/water 
mixtures is shifted to lower MeOH fraction with increasing isotacticity. Biswas et al.99 
interpreted their results such that interactions between the side groups are stronger, when they 
have an isotactic arrangement. This leads to a weakening of interaction with the solvent. 
1.4.1.3 Microgels 
Microgels offer experimental advantages compared to linear chains and gels. Since 
microgels can be made colloidally stabile, they do not precipitate upon phase transition. This 
facilitates experimental studies of the collapsed state and scattering techniques, for example, 
provide suitable means to determine the size of microgels as a function of temperature, 
solvent composition and pressure.8,32-34,37,68,100 
In Figure 1.5 de-swelling ratios of microgels37,68 are compared to de-swelling ratios of 
macrogels39,97, as a function of xMeOH. Though the microgels have much higher cross-linker 
densities (9 and 5 mol%) than the macrogels (1 and 1.22 mol%), the data agree very well. 
This suggests that, like for gels, the cross-linker density of microgels has minor influence on 
the swelling degree in different mixtures at a certain constant temperature. 
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Figure 1.5: De-swelling ratio of microgels (grey circles from reference 37 and black circles from 
reference 68), compared to the ones of macrogels (grey pentagons from reference 39 and light 
grey diamonds from reference 97). The dotted lines are guides to the eye. 
Figure 1.5 shows normalized data, where the size is related to the size in the swollen state 
in water (for the macrogels the state at preparation temperature). This normalization allows 
comparing samples with different size. However, it has to be kept in mind that gels and 
microgels are typically synthesized at different temperatures: macrogels usually at room 
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temperature in water and microgels usually well above their VPTT in water. This means that 
the chains of the macrogel are relaxed in swollen state and experience stress as the gel 
collapses.23,101 In contrast, microgel network chains are relaxed if the microgel is collapsed 
and experience stress if the microgel swells.102-104 
Figure 1.5 also indicates that collapse and re-swelling transitions of macro- and microgels 
occur at comparable methanol fraction (xMeOH). 
Earlier, Zhu and Napper105 studied linear PNIPAM chains attached to polystyrene 
particles in MeOH/water mixtures. The methanol fraction where the minimum in radii is 
found is independent on temperature. However, this finding is in contrast to data obtained for 
macrogels97 and also to later studies on microgels in MeOH/water mixtures68 described here 
later. 
HRMAS measurements by Hofmann et al.106 showed that the water signal as well as the 
methanol signal split into two signals each which the authors attribute to “free” and 
“entrapped” (inside the microgel network) solvent. This is in agreement with the results Wang 
et al. found for macrogels.98 
Kojima et al. analysed temperature dependent phase behaviour of PNIPAM microgels in 
different MeOH/water mixtures with dynamic light scattering (DLS) and developed a 
theoretical model to describe phase behaviour and phase transition.68 Good agreement of data 
and model could be achieved. However, the shape of the temperature dependent transition 
curve (and thereby the broadening of the transition) was not met that well, especially for 
medium and high fractions of MeOH. 
The data presented here shortly will be discussed in detail in chapters 3 (“Phase 
behaviour”) and 4 (“Structure and Dynamics”). Some results can be found in 
literature.68,104,107 
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1.4.2 Cononsolvency in other polymer-solvent-solvent systems 
Some other interesting cononsolvency studies are briefly presented here. Recently Pang 
et al. used atomic force microscopy (AFM) to determine single chain mechanics in different 
solvents (MeOH/water, MeOH, octanol).55 Phase transitions of linear PNIPAM chains58 and 
PNIPAM macrogels were observed in water/EtOH59,60 and water/acetone59 mixtures. The 
influence of electrolytes on solution properties of PNIPAM chains in MeOH/water and 
EtOH/water mixtures was studied by Wang et al.56 and López-León et al.41 in order to 
determine effects of a Hofmeister series. Costa and Freitas108 suggested coexistence of LCST 
and UCST for linear PNIPAM in mixtures of water and EtOH, n-PrOH, iPrOH, dimethyl 
sulfoxide (DMSO) and dimethylformamide (DMF). The LCST/UCST behaviour of PNIPAM 
in DMSO/water mixtures was confirmed by Yamauchi and Maeda.64 Dalkas et al.63 found 
that CP of PNIPAM in dioxane/water mixtures decreases first and increases again with 
dioxane fractions higher than xdioxane = 0.4. UCST behaviour was not described. 
Cononsolvency of linear PNIPAM in tetrahydrofuran (THF)/water mixtures was studied by 
Winnik et al.,109 who found a strong effect with lower THF fractions in the mixtures than it is 
the case for MeOH. This was confirmed by Hao et al. who used light scattering and small 
angle neutron scattering (SANS) to study PNIPAM microgels in water/THF mixtures.110 Zhu 
and Napper showed that PNIPAM latex particles experience size reduction in DMF/water 
mixtures (minimum size detected between xDMF = 0.2 and 0.4) compared to water.61 In a 
subsequent publication, Zhu and Napper observed PNIPAM microgels in acetic acid/water 
mixtures at 20 °C by means of light scattering and describe formation of aggregates.62 
In addition to PNIPAM, other polymers where studied with respect to their cononsolvency 
behaviour in different solvent mixtures.47,48,111,112 Maeda and Yamabe compared the 
behaviour of linear PNIPAM, PDEAAM and corresponding copolymer chains in 
MeOH/water mixtures.51 They found that PDEAAM does not show cononsolvency in 
MeOH/water mixtures at all. P(NIPAM-DEAAM) copolymers show a gradually decreased 
cononsolvency effect with increasing DEAAM content. Details on phase behaviour of 
PNIPAM and PNIPAM-PDEAAM microgels are presented in chapter 3. With help of IR 
measurements Maeda et al. showed that poly(N-(2-ethoxyethyl)-acrylamide) as well as 
poly(N-(2-ethoxyethyl)methacrylamide) have elevated CP in MeOH/water mixtures 
compared to the respective CP in water.38 Edmondson et al. found cononsolvency for poly(2-
(methacryloyloxy)ethyl phosphorylcholine) brushes in EtOH/water and PrOH/water mixtures, 
but not in MeOH/mixtures.113 Moreover, poly(N,N-dimethylacrylamide) macrogels were 
examined in water and mixtures from water and MeOH, EtOH, PrOH, butanol, acetone, THF, 
dioxane and DMSO.48 Other polymer gels were studied in acetone/water mixtures.114 
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1.5 Scope of thesis 
This thesis is concerned with microgels. More precisely the behaviour of microgels in 
mixtures of methanol and water is studied by a variety of methods. In the following chapters 
studies on phase behaviour, microgel structure, and polymer dynamics inside the microgels 
are described. 
After the introduction, experimental details of the microgel synthesis as well as the 
applied methods are described in chapter 2. 
In chapter 3 the phase transition and phase behaviour of different microgels in 
methanol/water mixtures is described in detail. Information on phase transition and the phase 
transition temperature of a microgel is (amongst others) important to understand the 
cooperative interaction inside the microgel. 
The structure of microgels and its dependency on solvent composition is discussed in 
chapter 4. Inner structure of the microgels was revealed by small angle neutron scattering 
(SANS) measurements and corresponding form factor fits of the data. These data support   the 
results from the phase transition studies. Also, how the inner structure of a microgel can be 
changed (and tuned) is important for uptake and release applications. Moreover, influence of 
the particle state (swollen or collapsed) on the dynamics of the polymer network is described 
in chapter 4. Furthermore, the influence of particle architecture on its internal dynamics in a 
methanol-d4 (MeOD)/deuterium oxide (D2O) mixture with xMeOD = 0.2 is discussed there. 
Study the internal dynamics of microgel improves the understanding of polymer movement in 
particles. 
The following chapter 5 describes the studying of kinetics of the solvent induced collapse 
of PNIPAM microgels. Kinetics were studied by a combination of the “stopped flow” 
technique and small angle X-ray scattering (SAXS). Kinetics of microgel collapse is of 
importance for applications involving uptake and release of small molecules. After the 
summary and an outlook the appendix follows. 
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Chapter 2: Experimental part 
2.1 Materials 
N-isopropylacrylamide (NIPAM), N,N'-methylenbis(acrylamide) (BIS), sodium dodecyl 
sulphate (SDS), and potassium peroxodisulfate (KPS) were obtained from Sigma Aldrich. 
N,N-diethylacrylamide (DEAAM) was procured from Polysciences Germany. Deuterium 
oxide (D2O) and methanol-d4 (MeOD) were purchased from Deutero (Germany). Methanol 
(MeOH) and Ethanol (EtOH) were purchased from VWR. Only twice distilled milli-Q water 
was used during the synthesis, cleaning process of microgels and for preparation of all 
samples in aqueous solution. In the following (in terms of simplification) the term “water” is 
used for twice distilled milli-Q water, unless otherwise noted. DEAAM was destabilised by 
column cleaning with Aluminium oxide. All other materials were used without any 
purification. 
2.2 Synthesis of microgels 
2.2.1 Homo - and co - polymer microgels 
Conventional: Surfactant aided participation polymerisation was used to synthesize small 
and monodisperse microgels.1 In a three necked round bottom flask, equipped with reflux 
condenser, over head stirrer and a septum for gas inlet, 25 mmol total monomer feed (NIPAM 
and/or DEAAM, BIS) was dissolved under constant nitrogen flow and stirring at 400 rpm in 
125 mL degassed water. 0.4 mmol SDS (1.5 mol% to total monomer feed) were added. After 
degassing the mixture with nitrogen for 1 h it was heated to 85 °C oil bath temperature under 
stirring. As the reaction temperature was reached reaction was started by adding 5 mL 
aqueous KPS solution. Concentration of 1 mol % KPS to total monomer feed was used. After 
5 minutes a milky tarnish indicated the start of particle formation. The reaction was stopped 
by cooling to room temperature under stirring after 5 h; the reaction mixture was filtered over 
glass wool. Products were cleaned via three cycles of centrifugation (Sorvall Discovery 90SE 
with T-865 rotor; at 20 °C and 35 000 rpm) and subsequent redispersion in water. 
Microwave: Some microgels were produced by microwave driven participation 
polymerisation.2,3 With the microwave method significantly shorter synthesis time (about 1 h 
compared to 5 h for conventional participation polymerisation) is accessible. The microgels 
show a slightly narrower distribution of radii than microgels from conventional synthesis. For 
microwave synthesis a solution of 25 mmol monomer (NIPAM, DEAAM, 5 mol% BIS) and 
1.5 mol% SDS in 125 mL water was prepared and placed in the microwave oven. The 
solution was degassed for 30 minutes with nitrogen under stirring. The reaction mixture was 
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heated to 75 °C under constant nitrogen flow and stirring. The reaction was initiated with 
5 mL aqueous KPS solution, injected via a hose and syringe. After 1 h irradiation time at 
75 °C the reaction mixture was cooled to room temperature under stirring. The reaction 
mixture was then treated like described for conventional synthesis. 
The contents of the two repeating units in the copolymer microgels were determined with 
13C-NMR by comparing the integrals of the isopropyl groups (NIPAM) and the ethyl groups 
(DEAAM). The contents in the microgel hardly differ from the contents in feed. Information 
about reaction mixtures, synthesis methods and compositions can be found in table 2.1 at the 
end of this chapter. The size of the synthesized microgels measured with dynamic light 
scattering (DLS) is in the range of 75 to 100 nm in radius. Details can be found in table 2.1, at 
the end of the chapter. 
2.2.2 Core-shell microgels 
Core-shell microgels were synthesised via a two step process. Depending on desired shell 
thickness a batch method or the “seed and feed” method introduced by Blackburn and Lyon4  
was used. 
Two step batch method: After cleaning with centrifugation, dried core microgel 
(depending on system wanted PDEAAM or PNIPAM core) was dispersed thoroughly over 
night in degassed water. A microgel concentration of 10 mg mL-1 was chosen. The core was 
stabilised in water with a small amount of SDS and the dispersion was heated to 85 °C oil 
bath temperature under constant nitrogen flow and stirring at 350 rpm. Then 110 wt% (to used 
core mass) shell monomer (NIPAM or DEAAM), 5 mol% BIS (to monomer) and 1.3 mol% 
SDS were added and the mixture was stirred for 30 minutes; afterwards the reaction was 
started by addition of 1 mol % KPS. The reaction then proceeded like described for core 
synthesis. The mass fractions of core and shell were evaluated gravimetrically (mass of dried 
core to dried core–shell product) and measuring of hydrodynamic radii with DLS. 
Seed and feed method: Aqueous core dispersion was prepared with core concentration of 
7 mg mL-1 and heated as described for the batch synthesis. The stirring speed was set to 
300 rpm. A monomer solution of shell monomer (three times mass of core mass) with 5 mol% 
(to total monomer feed) BIS was prepared. Another aqueous solution with 1 mol% KPS (to 
monomer) was prepared separately. As soon as reaction temperature was reached, about 20 % 
of monomer and the comparable amount of starter solution were added to the core dispersion. 
After 10 minutes of subsequent stirring, monomer solution as well as starter solution were 
added drop wise (approximately over 45 minutes) to the reaction mixture. Afterwards reaction 
was continued like described for conventional synthesis. Details are listed in table 2.2. 
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2.3 Experiments 
2.3.1 Turbidimetry 
Cloud points of microgels in different solvents and solvent mixtures were determined by 
turbidity measurements. Mixtures from aqueous microgel dispersion and methanol microgel 
dispersion (1 wt % microgel each) were prepared shortly before the experiment. 
Measurements were performed in QS-glass cuvettes (Helma). A JASCO V - 530 UV-Vis 
spectrometer, equipped with Julabo – F 32 cryostat was used. Temperature dependent change 
of turbidity was observed via the relative transmittance (T in %) of the sample in a 
temperature range from 4 to 56 °C in 2 °C steps and at wavelength between 450 and 750 nm. 
As reference the corresponding solvent mixture without microgel was used. Results are 
discussed in chapter 3. 
2.3.2 Differential scanning calorimetry (DSC) 
PNIPAM and PDEAAM: The measurements were performed and kindly provided by 
Dr. Christian Hofmann. Details can be found in a previous publication.5 Thermograms of 
PNIPAM and PDEAAM were recorded using a Mettler 822e differential scanning calorimeter 
at a scanning rate of 10 K min-1 and a temperature range from − 10 to + 60 °C. By running 
three consecutive heating and cooling cycles, reproducibility was ascertained. Only the 
second heating cycle was taken for further evaluation.5 
PVCL: The measurements were performed and kindly provided by Dr. Andreea 
Balaceanu. DSC measurements of PVCL were performed using a DSC Netzsch F1 Phoenix® 
differential calorimeter. Hermetically sealed aluminium pans were used as crucibles. A 
nitrogen flow was used to rinse the sample environment. Deuterated solvents (D2O or 
MeOD/D2O mixtures) were used for the microgel solution and as reference. Approximately 
50 mg of 5 wt % microgel solution in deuterated solvent was used per measurement. The 
measurements were carried out over a temperature range from 15 to 60 °C with a constant 
heating rate of 2 K min-1. For all samples an initial heating run and a cooling run were 
performed to erase the thermal history; all transitions were fully reversible and appeared in 
each heating-cooling cycle. 
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2.3.3 Dynamic light scattering (DLS) 
Parent dispersions with one weight % microgel in water, MeOH, D2O or MeOD 
respectively were prepared at least one day before measurement. From these parent solutions 
mixtures with the aimed methanol fraction were mixed. The mixtures were diluted with the 
corresponding solvent mixture for the measurements. To prevent multiple scattering only 
highly diluted solutions were used for light scattering. All samples were filtered (filter pore 
size depending on particle size) to remove dust. The time dependent intensity was measured 
with an ALV-5000 goniometer at a LASER wavelength of 633 nm. Temperature dependent 
measurements were done in water, in mixtures and in pure alcohols. Temperature ranges were 
adjusted for each sample measured, but lay always between 6 °C and 60 °C. Samples were 
heated in 2 °C steps and cooled in the same way afterwards. As arrangement for maintaining 
temperature a Julabo – F 32 HE cryostat was used. During every temperature step the 
scattered intensity was measured at three to six different q values (depending on sample). q is 
defined as q = 4pisin(θ)/λ where 2θ is the scattering angle and λ the wavelength. This 
definition is valid for all scattering experiments.6 Viscosities and refractive indices of the 
solvent mixtures were taken from literature7 or measured by capillary viscometry, 
respectively with Michelson interferometer (data can be found in the appendix, chapter 7.1). 
From scattering intensity correlation functions were calculated directly by the ALV auto 
correlator. Diffusion coefficients D0 were evaluated from the second order cumulant and 
hydrodynamic radii (Rh) were determined via the Stokes-Einstein equation. Measurements 
show no hysteresis, collapse of the particle is fully reversible for all microgels in all mixtures. 
Solvent mixtures with different molar methanol fractions from xMeOH = 0 to 1 (details can 
be found in Table 2.3) were used to study temperature dependent behaviour of microgels in 
MeOH/water mixtures. Temperature dependent measurements of the microgels are discussed 
in chapter 3. 
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2.3.4 Small angle neutron scattering (SANS) 
Several SANS experiments were performed at the D11 instrument located at the ILL in 
Grenoble, France. Dispersions of 0.2 wt % polymer microgel in deuterium oxide (D2O), 
methanol-d4 (MeOD) and methanol-d4/deuterium oxide mixtures with methanol-d4 fractions 
of xMeOD = 0.2, 0.35 and 0.5 were measured. Table 2.4 gives an overview of the measured 
samples. The wavelength was kept constant at 6 Å, different temperatures were used. The 
scattering curve was calculated from intensities measured at detector distances of 1.2, 8, 20 
and 39 m. The magnitude of scattering vector is given by q. Data were corrected for 
background scattering and calibrated on absolute scale by incoherent water scattering 
according to the standard procedures at the ILL.6 The measured scattering curves were fitted 
with an appropriate model.8 Fitting results can be found in chapter 4 and are discussed there 
also. From fit results density profiles can be calculated with an approach described by Stieger 
et al.8 SANS data are discussed in detail in chapter 4. 
2.3.5 Neutron spin echo (NSE) 
The chain and network dynamics of several microgels were studied at 10 °C in a 
D2O/MeOD mixture with xMeOD = 0.2 molar MeOD fraction. To achieve maximum contrast 
and minimum incoherent background resulting from protonated material, deuterated solvents 
D2O and MeOD were used. Scattering from corresponding quartz cells containing the 
deuterated solvent mixture has been subtracted as background from the NSE data. 
Several NSE measurements have been performed at the J-NSE spectrometer at the FRM II 
research reactor in Garching, Germany.9 Microgel dispersions in D2O and MeOD respectively 
with a concentration of 0.2 wt % microgel were prepared one week previous to the 
experiment. The measured samples were mixed from these dispersions shortly previous to the 
experiment in order to avoid evaporation of methanol-d4. The particles were studied at a 
wavelength of 8 Å and q values from 0.05 to 0.18 Å-1. Though relatively high concentrations 
(at least 0.5 wt %) are more suitable for the measurements good results could be obtained 
with quite low concentration of 0.2 wt % microgel in the solvent mixture in the first 
experiments. This concentration was chosen to avoid aggregation of the particles and to keep 
the samples comparable to the ones used in other experiments. The low concentrations 
however led to longer measurement times. The dynamics of four types of microgels in a 
D2O/MeOD mixture with xMeOD = 0.2 molar MeOD fraction has been studied: a pure 
PNIPAM particle and a P(NIPAM-co-DEAAM) copolymer particle, a pure PDEAAM and a 
PDEAAM – core - PNIPAM-shell particle. 
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For a second set of NSE experiments higher concentration of 1 wt % microgel in solvent 
was used. In the previous experiments it could be confirmed that in this concentration range 
structure factors play a minor role and chain dynamics are hardly influenced by microgel 
concentration. Again, the measured samples with xMeOD = 0.2 were mixed from parent 
dispersions shortly previous to the experiment in order to avoid evaporation of methanol-d4. 
Measurements on PNIPAM and PDEAAM microgel particles in the q range between 0.02 
and 0.15 Å-1 were performed at the IN15, ILL, in Grenoble (France) using two wavelengths, 
12 and 17 Å, to cover a wide Fourier time range up to 250 ns. The q = 0.18 Å-1 curve was 
obtained at the J-NSE spectrometer at the FRM II research reactor in Garching (Germany) at a 
wavelength of 8 Å probing Fourier times up to 40 ns. 
Two core-shell microgels were also studied: a PNIPAM-core-PDEAAM-shell microgel 
and a PDEAAM-core-PNIPAM-shell microgel with a thick shell. Dispersions with 1 wt % 
microgel in D2O as well as in MeOD were prepared one week previous to the experiment. 
The measured samples with xMeOD = 0.2 were mixed from those parent dispersions shortly 
previous to the experiment in order to avoid evaporation of MeOD. The Experiments were 
carried out at J-NSE spectrometer at the FRM II research reactor in Garching, Germany. The 
particles were studied at a wavelength of 8 Å and q vectors from 0.05 to 0.15 Å-1 probing 
Fourier times up to 40 ns. 
In both instruments, the samples were mounted in a thermostat controlled sample 
environment at 10 °C. Scattering from corresponding quartz cells containing the deuterated 
solvent mixture has been subtracted as background from the NSE data. An overview of 
microgels studied with NSE is given in table 2.5, further discussion can be found in chapter 4. 
2.3.6 Combined SAXS-stopped flow 
To study the kinetics of the solvent induced microgel collapse two techniques were 
combined: a conventional stopped flow device was combined with SAXS, more precisely the 
ID02 beamline at the ESRF in Grenoble, France. Microgel dispersions of different 
concentrations were prepared. This was necessary to guarantee a comparable microgel 
concentration in the ready mixed sample (after the stopped flow shot). The stopped flow 
device was cooled to 10 °C. This was necessary to compensate the heat of mixing which 
occurs on mixing water and methanol. Measurements were done at detector distance of 3 m 
and 10 m. SAXS curves from each shot were detected at t1 = 3 ms (first) and every 320 ms 
consecutively (according to dead time and resolution of detector tframe = 320 ms). 
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2.5 Tables 
Table 2.1: Synthesis details of homo- and co-polymer microgels 
thesis code sample code monomer(s) composition Synthesis Method Rh in water at 10 °C 
PNIPAM CS-70-02 N-isopropylacrylamide NIPAM, BIS conventional 82 ± 4.0 nm 
PNIPAM_m CS-AG-05 N-isopropylacrylamide NIPAM, BIS microwave 81 ± 0.5 nm 
PDEAAM CS-71-02 N,N-diethylacrylamide DEAAM, BIS conventional 93 ± 1.4 nm 
P(NIPAM-co-DEAAM)28 CS-AG-09 NIPAM + DEAAM 
25% NIPAM, 
75% DEAAM, BIS 
microwave 75 ± 3.1 nm 
P(NIPAM-co-DEAAM)53 CS-72-02 NIPAM + DEAAM 
50% NIPAM, 
50% DEAAM, BIS 
conventional 81 ± 0.5 nm 
P(NIPAM-co-DEAAM)73 CS-AG-04 NIPAM + DEAAM 
75% NIPAM, 
25% DEAAM, BIS 
conventional 75 ± 1.1 nm 
PVCL* --- Vinylcaprolactam VCL, BIS conventional 164 ± 6.8 nm 
*PVCL was provided by Dr. Andreea Balaceanu 
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Table 2.2: Synthesis details of core-shell microgels 
thesis code sample code core shell monomer Synthesis Method 
 composition 
core/shell 
Rh in water 
at 10 °C 
PNIPAM-core-PDEAAM-shell CS-74-02 
PNIPAM 
(CS-70-02) 
DEAAM, BIS conventional  ~ 80/20 98 ± 4.8 nm 
PDEAAM-core-PNIPAM-shell CS-75-02 
PDEAAM 
(CS-71-02) 
NIPAM, BIS seed and feed ~ 60/40 135 ± 6.8 nm 
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Table 2.3: Most important DLS measurements performed 
Sample Used solvents and mixtures 
PNIPAM water, xMeOH = 0.05 to 0.5 in 0.05 steps, 0.5 to 1 in 0.1 steps; D2O, xMeOD = 0.2 
PNIPAM_m water, xMeOH = 0.05 to 0.5 in 0.05 steps, 0.1 to 0.2 in 0.02 steps, 0.5 to 1 in 0.1 steps; D2O 
PDEAAM water, xMeOH = 0.05 to 0.4 in 0.05 steps, 0.5, 1; D2O, xMeOD = 0.2 
PVCL water, xMeOH = 0.05 to 0.5 in 0.05 steps 
P(NIPAM-co-DEAAM)28 water, xMeOH = 0.05 to 0.4 in 0.05 steps, 0.5, 1 
P(NIPAM-co-DEAAM)53 water, xMeOH’ = 0.05 to 0.4 in 0.05 steps, 0.5, 0.6, 0.7, 1; D2O; xMeOD’ = 0.2; xEtOH = 0.1, 1 
P(NIPAM-co-DEAAM)73 Water, xMeOH = 0.05 to 0.4 in 0.05 steps, 0.5, 1 
PNIPAM-core-PDEAAM-shell water, xMeOH = 0.05 to 0.4 in 0.05 steps, 0.5, 1; D2O, xMeOD = 0.2 
PDEAAM-core-PNIPAM-shell water, xMeOH = 0.05 to 0.4 in 0.05 steps, 0.5, 0.7, 1; D2O, xMeOD = 0.2 
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Table 2.4: Details on SANS measurements (*not used in the thesis) 
at 10 °C at other temperatures 
sample 
solvent/mixtures temperature solvent/mixtures 
PNIPAM  D2O; xMeOD = 0.2; 0.35; 0.5; MeOD 50 °C D2O 
PDEAAM D2O, xMeOD = 0.2; 0.35; 0.5; MeOD  50 °C D2O 
P(NIPAM-co-DEAAM)53 D2O, xMeOD = 0.2, 0.35, 0.5; MeOD 50 °C D2O 
PNIPAM-core-PDEAAM-shell D2O, xMeOD = 0.2, 0.35, 0.5; MeOD 19 °C, 26 °C* xMeOD = 0.2 
PDEAAM-core-PNIPAM-shell D2O, xMeOD = 0, 0.2, 0.35; MeOD 19 °C, 26 °C* xMeOD = 0.2 
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Table 2.5: Details on NSE measurements 
sample temperature  mixtures 
PNIPAM 10 °C xMeOD=0.2 
PDEAAM 10 °C xMeOD=0.2 
P(NIPAM-co-DEAAM)53 10 °C xMeOD=0.2 
PNIPAM-core-PDEAAM-shell 10 °C xMeOD=0.2 
PDEAAM-core-PNIPAM-shell 10 °C xMeOD=0.2 
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Chapter 3: Phase behaviour of microgels in methanol/water 
mixtures 
Parts of this chapter were published in Macromolecules, Vol. 43, No. 16, pages 6829-6833, 
2010 (in cooperation with Prof. W. Richtering, Dr. M. Keerl and Dr. P. Lindner from the ILL 
in Grenoble, France) and in Journal of Polymer Science B - Polymer Physics, Vol. 51, No. 
14, pages 1100-1111, 2013 (in cooperation Dr. H. Kojima and Professor F. Tanaka from 
Kyoto University, Japan and Prof. W. Richtering). A manuscript (in cooperation with Dr. A. 
Balaceanu, Professor A. Pich (DWI Aachen), Dr. A. Schwarz, Professor K. Leonhard (LTT 
Aachen),  Dr. C. Hofmann and Professor W. Richtering (IPC Aachen)) containing parts of 
this chapter was submitted to Polymer Journal. 
3.1 Introduction 
Like described in the introduction (chapter 1.3) some linear polymers, polymer hydro-gels 
and microgels are sensitive to external stimuli.1,2 In contrast to linear polymers, microgels do 
not precipitate from solution but solvent is expelled from the network accompanied by 
agglomeration of network chains.3 
The sensitivity, and thus the collapse of the microgel, is related to polymer-solvent 
interaction. These hydrophobic and hydrophilic interactions are dominated by H-bonds.2 
Poly(N-isopropylacrylamide) (PNIPAM)1,2,3 microgels are hydrophilic below 32 °C. 
PNIPAM is solvated by water molecules which are attached to the polymer chains, mainly by 
H-bonds. Water acts as a good solvent. Increasing temperature weakens polymer-water H-
bonds. If 32 °C are exceeded polymer-solvent interactions are replaced by (in this case) more 
favourable polymer-polymer interactions. Then, water is expelled from the network and the 
microgel collapses.4,5 The limiting temperature is called “lower critical solution temperature” 
(LCST) for linear polymers. Because microgels and gels do not precipitate from the 
dispersion when polymer-polymer interactions become favourable, but collapse, another 
notation has established itself: it is called “Volume phase transition temperature” or short 
VPTT.6 
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3.1.1 Influences on the phase behaviour 
Phase behaviour and phase transition temperature of sensitive polymers depend on several 
parameters. This is the case for linear polymer chains as well as for polymer microgels. 
However, in contrast to linear chains, microgels do not precipitate and are colloidal stable 
even in the collapsed state.1,2,7,8 Linear chains may form aggregates in the two phase region 
due to the reduced hydrophilic character of the chains.9 In this chapter, the influence of the 
synthesis method, the structure of the monomer, the polymer composition and the particle 
architecture are discussed. Other parameters which influence the phase transition and the 
phase transition temperature will also be presented without detailed discussion. 
Synthesis method 
An easy way to obtain small particles is surfactant aided precipitation polymerisation.1,6 
These synthesise are usually carried out at temperatures well above the VPTT of the 
product.10 Heating of the reaction mixture can be realised in different ways. One is the 
conventional heating via a temperature controlled oil bath. Another is heating assisted by 
microwave irradiation.11,12 Microwave assisted PNIPAM microgel synthesis was described 
already in 1994.11 PNIPAM hydro-gels13 as well as polystyrene microgels14,15 and 
polystyrene-poly-NIPAM microgels16 were also prepared by microwave assisted synthesis. It 
was reported that the polydispersity index of PNIPAM synthesised in a microwave oven was 
significantly smaller compared to conventionally synthesised PNIPAM microgels.11 It is 
assumed that the synthesis method has no influence on the VPTT.11 
Structure of monomer 
An influential parameter is the structure of the monomer corresponding to the sensitive 
polymer. Polyacrylamides related to PNIPAM are poly(N-isopropylmethacrylamide) 
(PNIPMAM), poly(N,N-diethylacrylamide) (PDEAAM) or poly(N,N-dimethylacrylamide) 
(PDMAAM). While PNIPMAM has a higher transition temperature than PNIPAM (47 °C)17 
linear PDEAAM has similar phase transition temperature (32 °C)18 and PDMAAM shows no 
phase transition in water.19 PNIPMAM and PDMAAM are thus more hydrophilic than 
PNIPAM; despite the additional methyl group on the polymer backbone17 respectively the 
amide function. 
One explanation for the different behaviour could be the substitution pattern of the amide 
function. Prominent examples are N-isopropylacrylamide (NIPAM) and N,N-
diethylacrylamide (DEAAM).20,21 While NIPAM is a secondary amide and thus posses a 
proton at the amide function, DEAAM is a tertiary amide and thus saturated. This means 
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NIPAM possesses both, H-bond acceptor and donor units. DEAAM possesses only an H-
Bond acceptor unit. Another tertiary amide is vinylcaprolactam. The corresponding polymer, 
poly(vinylcaprolactam) (PVCL) is also temperature sensitive in aqueous solution and displays 
a LCST of 32 °C, close to the LCST of PNIPAM in water.22,23 The structures of NIPAM, 
DEAAM and VCL are pictured in Figure 3.1. 
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Figure 3.1: Structures of NIPAM (as dimer), DEAAM and VCL. 
This difference leads to interestingly different behaviour of PNIPAM and PDEAAM 
microgels in aqueous solution. In contrast to PNIPAM, volume of PDEAAM particles 
deceases more continuously.20,24 Another difference of those two polymer microgels is found 
if they are compared to their linear counterparts. Linear PNIPAM chains as well as microgels 
display a phase transition temperature of ~ 32 °C. However, linear PDEAAM chains show 
LCST around 32 °C18 while the cross-linked PDEAAM microgel collapses at ~ 26 °C.20,24 
The PVCL microgel and the linear PVCL polymer display also comparable transition 
temperature of ~ 32 °C.25,26 
Composition of the polymer 
Different effects are observed if the above described monomers are combined in co-
polymers.27-29 The transition temperature can depend linearly17 or non-linearly20 on the 
composition of the co-polymers. The LCST of linear P(NIPAM-co-NIPMAM) polymers 
decreases linearly with increasing NIPAM ratio from 47 °C to 32 °C.17 However linear 
P(NIPAM-co-DEAAM) copolymers as well as their microgel counterparts exhibit non-linear 
transition temperature dependence.20,21 A minimum in VPTT was found for a statistic 
copolymer microgel with nearly equimolar NIPAM/DEAAM ratio.20 It is assumed that the 
depression of the VPTT is due to intramolecular interaction between the H-bond donor 
NIPAM and the H-bond acceptor DEAAM. If they are in close proximity, like in a statistical 
copolymer, NIPAM and DEAAM units can build strong intramolecular H-bonds.20,30,31 
However, copolymer microgels not only show differences in transition temperature,29,32 but 
also in their nano-phase-structure.33 
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Nano-phase-separated structures were observed in P(NIPAM-co-NIPMAM) microgels.33 
PNIPAM has a VPTT of 32 °C, PNIPMAM of ~ 44 °C; at intermediate temperature (38 °C) 
there are collapsed domains of PNIPAM and still swollen domains of PNIPMAM. This leads 
to a so-called “dirty snowball” or nano-phase-separated structure.33 
Particle architecture 
An interesting feature of microgels is the possibility to vary the particle architecture. For 
example two monomers can not only be combined in a copolymer but in a core-shell particle. 
In contrast to copolymers, the different polymers in core-shell particles are not chemically 
cross-linked. Core and shell are separated compartments. Hence intermolecular H-bonding 
between the different units in shell and core is unlikely.34,35 Thus, a core-shell microgel 
synthesised with the same monomers and same monomer ratio as a copolymer can display 
different properties.36-39 A PDEAAM-core-PNIPAM-shell system does not reveal a VPTT 
depression like a copolymer does.20,31 However, the two networks of core and shell can be 
physically connected and influence each other by mechanical forces.5 The mutual influence of 
core and shell can be studied by e. g. scattering methods or calorimetry.5,35,40-44 
Molecular weight 
The LCST of linear PNIPAM homopolymer depends inversely on molecular weight of the 
chains like Schild, Tirrell45 and others46 reported. Other studies described the cloud point of 
linear PNIPAM as independent47 or nearly independent48 on molecular weight. These results 
suggest that only above a critical MW value of ~ 15*104 gmol-1 LCST is independent on 
molecular weight.49 Linear PDEAAM shows inverse dependency of LCST on molecular 
weight, too.50 Similar to PNIPAM, the LCST increases with decreasing molecular weight and 
there is a critical value (Mw ~ 2*105 gmol-1).50 The hydrophilic character of the polymer end 
group is suggested to have influence on the molecular weight dependency of the polymers 
LCST.46 End groups originating from persulphate initiation, like in case of the synthesis 
method used here, are quite hydrophilic and will therefore lead to higher phase transition 
temperature.46 
 - 45 - 
Tacticity of polymer chains 
Another parameter which influences the phase transition is the tacticity of the polymer 
chain (see Figure 3.2). The cloud point of linear PNIPAM decreases with increasing fraction 
of m-dyads along the polymer chain (high isotactic fraction).51,52 On the other hand, if the 
fraction of r-dyads is increased in PNIPAM chains (high syndiotactic fraction) the cloud point 
increases.53 Isotactic PDEAAM polymers showed an increased LCST compared to LCST of 
atactic PDEAAM.9 (However, isotactic PDEAAM also display higher Mw than the atactic 
ones.) 
 
R R R R R
 
R R R R R
 
 
Figure 3.2: A polymer is called isotactic if all residues point to the same side of the polymer chain; if the 
residues point alternating in opposite directions it is called syndiotactic; random orientation of 
residues leads to an atactic polymer chain. 
 
Charges in the chain 
Charges incorporated in polymer chains influence the LCST. The cloud point of 
PDEAAM and copolymers of DEAAM and acryl amide is shifted to higher temperature with 
increasing amount of the ionic comonomer sodium methacrylate in the polymer.24 
Incorporation of ionisable N-vinylimidazole monomer units into linear PNIPAM, PDEAAM 
and PVCL chains leads to increased cloud points of the copolymers with increasing pH.54 
Particle size 
At first glace particle size of microgels may be comparable to molecular weight of linear 
polymers. However as microgels are polymer networks they possess a rather high molecular 
weight.1,6 Phase behaviour of microgels is thus not in the same way dependent on particle size 
as phase behaviour of linear polymers is dependent on molecular weight. Particle size 
influences mainly the inner structure of the microgel while the transition temperature is 
unaffected.10,36,55 
Isotactic, m-dyads Syndiotactic, r-dyads 
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Cross-link density 
An important microgel parameter is the cross-link density.7,8,36,55,56 It has major influence 
on the structure of the particle.36,55 Microgels synthesized with the earlier described batch 
polymerisation possess an inhomogeneous cross-linker distribution.10 Close to the particle 
centre the cross-link density and thus the polymer density is higher compared to the outer part 
of the particle. Close to the surface there are more dangling polymer chains.57 Particle 
structure and the differences of Rh in swollen state to the Rh in collapsed state (∆Rh) are 
connected; thus the cross-link density influences ∆Rh.8,56 Only high cross-link densities 
(> ~ 15 %) influence the phase transition temperature.55,56 
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3.1.2 Characterisation of phase behaviour 
Phase behaviour of linear polymers can be characterised by different methods. 
Turbidimetry with visible light was often used and yields the cloud point (CP) of a polymer-
solvent system.58,59 However, the CP does not only depend on molecular weight of the 
polymer but also on polymer concentration in the sample.45,47 The cloud point of a LCST-type 
polymer decreases with increasing polymer concentration to a limit value which depends on 
Mw and species of the polymer.48,60. The CP increases again if the polymer concentration is 
further increased (see Figure 1.1(a)) Thus, it is important to measure the CP at a sufficient 
polymer concentration. With decreasing polymer concentration the signal intensity becomes 
weaker. Thus, turbidimetry can reach its sensitivity limit before the limit value concentration 
is reached. 
Furthermore, the measurement of the optical transmission in a turbidity experiment 
depends on the optical contrast. Thus transmission can have different temperature dependence 
as compared to the actual microgel volume phase transition. Moreover transition temperature 
is usually defined as the temperature at which the chains of the polymer or polymer network 
become insoluble and should be independent on concentration.45,61 
The volume phase transition of microgels can easily be studied by dynamic light 
scattering (DLS). In general, microgels are monodisperse particles in the size range of 40 nm 
to 1 µm. Thus, the cumulant method and the Stokes-Einstein approach can be applied62 to 
characterise microgel particles; this makes DLS data analysis fast and easy. It is moreover 
possible to determine the radius of the particle in dependence of temperature (Rh(T)). The 
phase transition (in case of microgels) from swollen to collapsed state can be analysed in this 
way. If the phase transition happens in a narrow temperature range the transition is called 
discontinuous or “sharp”. Such a phase transition happens if the solvent molecules which 
solvate the polymer detach at once from the whole polymer chain and polymer-polymer 
interactions can be built fast subsequently.63,64 In this case there is a high cooperativity in the 
solvation of the chain.63,64 Phase transitions which occur over a wide temperature range are 
called continuous or broad. This speaks for a less cooperative process.63,64 There are several 
domains of solvent and the solvent leaves not all the domains at once, but subsequently.63 
Therefore the “shape” of Rh(T) yields information about the cooperativity of the 
corresponding phase transition process.63,64 Information about the shape of Rh(T) is not 
accessible by turbidimetry. 
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Another good method to study the phase transition is differential scanning calorimetry 
(DSC). It is sensitive to energetic changes in the sample, which arise from the breaking of H-
bonds with solvent.27,61 DSC shows that the transition of PNIPAM and also PDEAAM from 
swollen to collapsed state in water is endothermic and thus controlled by entropy.9,18,27 From 
DSC measurements the peak temperature (Tpeak) is usually considered as phase transition 
temperature. 
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3.1.3 Recap: The cononsolvency effect 
The cononsolvency effect was described in detail in the introduction chapter 1.4. Thus 
here only a short recapitulation is given. Precipitation of linear polymers or collapse of 
microgels can not only be induced by temperature but also by the composition of the 
solvent.58,65 For example methanol and water are both good solvents for PNIPAM. But certain 
mixtures of both are unfavourable solvents for the same polymer.59 Figure 3.3 schematically 
depicts this. 
 
Figure 3.3: Depiction of the cononsolvency effect with PNIPAM microgel in methanol/water mixture: the 
microgel collapses upon the addition of methanol to an aqueous dispersion without changing 
the temperature of the sample. Adding more MeOH leads to re-swelling. 
The cononsolvency behaviour of linear polymers,58,65,66 gels67-70 and microgels8,71 was 
studied in recent years. Different polymers19,72-75 but mostly the famous Poly-N-
isopropylacrylamide (PINPAM),8,58,71 were investigated. There are numerous publications 
about the cononsolvency of PNIPAM.28,76-83 Cononsolvency of PNIPAM was found in 
methanol/water58,76,77 mixtures, in other water/alcohol8 as well as in water/organic solvent 
mixtures.28,80,81,84 Many parameters, like the hydrophilic properties of the polymer,19 polymer 
composition21, polymer density85, miscibility of the used solvents,86 molecular weight64,87 and 
tacticity88 of the polymer chain influence the phenomenon. 
According to all those parameters it seems very difficult to break down the cononsolvency 
effect to just one property of one species in the polymer-solvent-solvent system. A simplified 
theory which only takes either the polymer or the solvents into account can not give sufficient 
explanation for the cononsolvency effect.77,89 Instead, it is probable that the effect is driven by 
a delicate equilibrium of enthalpy, entropy as well as polymer-solvent, polymer-polymer and 
solvent-solvent interactions in the system. 
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3.1.4 Scope of the chapter 
Like the phase behaviour of microgels in aqueous dispersions, phase behaviour of 
microgels in mixtures is influenced by a variation of parameters.1,9,73 The following part of 
the thesis deals with influences of microgel parameters on their phase behaviour in 
MeOH/water mixtures. 
Microgels from conventional and microwave synthesis were compared with respect to 
particle morphology and phase behaviour. (Details on synthesis can be found in chapter 2, the 
experimental part.) 
Influence of monomer structure was investigated by comparing phase behaviour of 
PNIPAM, PDEAAM and PVCL. This was done because PNIPAM shows cononsolvency and 
linear PDEAAM chains do not.20,21,75 Moreover, PDEAAM and PVCL should show 
comparable phase behaviour in MeOH/water mixtures if the degree of substitution of the 
monomers, respectively the ability of the corresponding polymers to build intramolecular H-
bonds, has a major influence on cononsolvency. 
Furthermore, influence of microgel composition and microgel architecture were studied. 
For this purpose different microgels from NIPAM and DEAAM were prepared. Small and 
mono-disperse homopolymer microgels, copolymer microgels of different composition as 
well as core-shell microgels with variable architectures were synthesized and analysed. 
Since microgels of different size, composition and architecture are compared here it is 
helpful to define a reference state.90 Earlier, reference states for macrogels were described as 
the synthesis state.67 Macrogels are usually synthesized at room temperature in water.69 This 
means that the chains of the macrogel are relaxed n the swollen state and experience stress if 
the macrogel collpases.69,90 In contrast, microgels are usually synthesized in water well above 
their VPTT. Thus, microgel network chains are relaxed at collapsed state and experience 
stress if the PNIPAM microgel swells.34,38,91, Therefore, the reference state can be defined as 
the collapsed state of the microgel in pure water.83,92 This is also valid for PDEAAM 
microgels, copolymers or core-shell microgels or other temperature sensitive microgels which 
are prepared at high temperature. In the following, if phase behaviour of different microgels 
in methanol/water mixtures is compared, the radii are given in relation to their respective 
reference state, if not stated explicitly different. 
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3.1.5 Theory and data analysis 
3.1.5.1 Turbidimetry 
The change of solution temperature in dependence of alcohol content was often studied 
with turbidity measurements.58,59 Such measurements are quite simple to perform. However, it 
is important to know that the cloud point is measured, which is dependent on polymer 
concentration and optical contrast of the sample.45,47 
The transmission T describes the turbidity of a sample at a given temperature, sample 
thickness and concentration. (T will be called Trans or Transmission in the following to avoid 
confusions with temperature) It is represented by the ratio of the intensity of an incoming 
light beam I0 and the corresponding emerged light beam I. 
0I
ITrans =
                                                               3.1) 
Relative transmission is calculated as: 
%100*%
0I
ITrans =
                                                3.2) 
The relative transmission in dependence of the temperature (Trans%(T)) was measured. 
Trans%(T) of PNIPAM, PDEAAM and the P(NIPAM-co-DEAAM) copolymers in several 
methanol/water mixtures with methanol fraction between xMeOH = 0.05 and 0.5 were studied. 
As reference, corresponding solvent mixtures were used. Measurements in pure water and 
pure methanol were also done. Microgel concentrations of 1 wt % were used. Cloud points 
were determined from the Trans%(T) curves. 
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3.1.5.2 Differential scanning calorimetry 
Dynamic differential scanning calorimetry (DSC) detects heat flow differences between a 
sample and a reference upon a physical transformation such as phase transition. Thus DSC 
can be used to observe the thermodynamics of the phase transition. A DSC experiment 
provides a curve of heat flow in dependence of temperature.93 The heat which has to flow to 
the sample to obtain phase transition is displayed as a peak in the DSC curve. Important 
values deduced from a DSC experiment are peak temperature, peak width and transition 
enthalpy. 
Peak temperature or short Tpeak is defined as the temperature where the peak has the 
biggest amplitude related to a base line.  
The difference between the starting point of the phase transition peak (Tonset) and its end 
(Tend) is taken as peak width. The transition enthalpy is calculated from the area under the 
transition peak and an instrument specific constant. Earlier DSC measurements showed that 
Tpeak of PNIPAM is shifted to lower temperature in a 1:5 methanol-d4/D2O mixture compared 
to D2O.61 
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3.1.5.3 Dynamic light scattering 
Scattering methods, like light or neutron scattering, provide information like particle 
size,6,62 particle size distribution,62 network density,7 or behaviour of chains in the 
network94,95. The knowledge of these values is crucial for the design of predictive phase 
behaviour models. (E. g: the theory of preferential adsorption by Tanaka and co-
workers.64,96,97) Temperature dependent dynamic light scattering was used to study the 
volume phase transition of several microgels in different solvent mixtures. Generally dynamic 
light scattering determines particle movement in a liquid sample. The time dependent 
scattering intensity is observed at a given temperature and scattering vector q. The scattering 
vector q can be understood as a vector addition from incoming (ki = 2piλ-1) and scattered beam 
(ks = 2piλ-1, quasielastic scattering) and is found at the detector 
 
it is defined as 
2
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λ
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                                                                    3.3) 
with λ as wavelength and θ as the scattering angle.98 
In a DLS experiment, the intensity of the scattered light is recorded in dependence of time. 
Intensities at different measurement times are correlated with a so-called auto correlation 
function. This function describes how scattering intensity changes with time. 
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The so-called field auto correlation function g(1) describes the fluctuations in the scattered 
field and it is here identical with the measured intermediate scattering function f(q,t). This 
function is described as: 
( ) ( )τ02exp, Dqtqf −=                                                 3.5) 
In this form it contains the average diffusion coefficient D0. This D0 is related to the 
average movement of the particles in the sample. Only for monodisperse samples D0 can be 
obtained by the method of cumulants.99 
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For polydisperse samples another fit can be applied, the so called CONTIN fit.100 It fits 
the correlation function with an ensemble of exponential functions. It is thus possible to 
determine the ratios and the sizes of different particle populations in the scattering signal. In 
both cases, the hydrodynamic radius Rh of the scattering particles can be calculated from D0 
via the Stokes-Einstein equation: 
h
B
R
TkD
piη60
=
                                                            3.7) 
kB is the Boltzmann constant, T the thermodynamic temperature and η the viscosity of the 
sample.62 In practice, the viscosity of the bulk solvent is used. This can be done sine the 
viscosity of the polymer does not need to be taken into account due to the use of highly 
diluted samples. High dilution and therefore low particle concentration is necessary to avoid 
multiple scattering and intensity loss trough absorption. Viscosities of methanol/water 
mixtures were taken from literature101 or measured with conventional temperature dependent 
capillary viscometry. In addition, refractive indices n must be known for light scattering 
experiments. They were also taken from literature102 and some measured with a standard 
Michelson interferometer. Details can be found in the appendix (chapter 7.1). All particle 
radii shown here are mean values of hydrodynamic radii measured at 6 different q-values. The 
deviation from this mean value is less than 10 % for all samples. 
To make radii of different microgels comparable a relative value was used. The relative 
radius is defined as: 
refh
h
relh R
RR
,
,
=
                                                     3.8) 
where Rh is the hydrodynamic radius at a defined state (for example in xMeOH = 0.2 at 20 °C) 
and Rh,ref is the hydrodynamic radius in water at a temperature far above the particles VPTT. 
The Rh in water at high temperature is close to the preparation state and is considered as the 
reference state. 
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3.2 Results and discussion 
3.2.1 Comparison of the different analysis methods 
The colloidal stability of microgels facilitates experimental studies of the collapsed state 
and e.g. scattering techniques provide suitable means to determine the size of microgels as 
function of temperature and solvent composition. However, not only scattering can yield 
information on phase behaviour of microgels. Also turbidimetry may provide interesting 
results. 
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Figure 3.4: Cloud point (black circles) and VPTT (red circles) of the PNIPAM microgel compared to 
cloud point of high molecular weight linear PNIPAM chain (black stars). The dashed/dotted 
lines are guides to the eye. 
Figure 3.4 shows a comparison of the VPTT of a PNIPAM microgel obtained from DLS 
measurements to the CP of dispersions from the same microgel and the CP of a high 
molecular weight linear PNIPAM chain.64,83 The CP-curve of the microgel sample shows 
some deviations compared to the VPTT as determined from DLS. This could be due to the 
fact that the CP depends on the optical contrast.103 The VPTT is, however, directly related to 
the temperature dependent size of the microgel. It is determined from the inflection point of 
the hydrodynamic radius vs. temperature (Rh(T)). Thus, temperature dependent phase 
behaviour of microgels is described more precisely by the temperature dependent radius than 
by turbidimetry. 
Therefore, methods like light scattering are more suitable to determine the volume phase 
behaviour of microgels. Figure 3.4 also shows that the microgels’ VPTT is quite similar to the 
CP of the linear chain. This suggests that CP of linear chains and VPTT of microgels can be 
compared though they are obtained from different methods. 
Studying microgels with temperature dependent DLS provides moreover information on 
the width of the volume phase transition. The VPT of PNIPAM microgels in pure water is 
sharp at ca. 32 °C. With increasing xMeOH the width of the VPT of PNIPAM microgels 
becomes broader and broader83 as illustrated in Figure 3.5. 
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Figure 3.5: Illustration of transition broadening. DLS results (blue symbols) are compared to 
turbidimetry data (black symbols) of the same PNIPAM microgels in (a) water, (b) 
xMeOH = 0.15 and (c) xMeOH = 0.4. 
In water, the collapse of PNIPAM (DLS) as well as the decrease in transmission 
(turbidimetry) is quite sharp. As displayed in Figure 3.5b both transitions become broader in 
xMeOH = 0.15. In xMeOH = 0.4 (Figure 3.5c) DLS detects only a slight size change and the 
particle size is constant above ~ 25 °C. However, turbidimetry shows a sharp decrease with a 
CP at 38 °C. This difference can be explained by the above mentioned dependence of the CP 
on the optical contrast.103 
DSC results on the PNIPAM microgels showed that the difference between the starting 
point of the phase transition peak (Tonset) and its maximum (Tpeak) increases with increasing 
xMeOH.
104
 These values are depicted as red horizontal lines in Figure 3.5a and b. Moreover, 
comparable to findings of Schild et al. for macrogels,59 the transition enthalpy decreases with 
increasing xMeOH and vanishes with xMeOH = 0.2.104 A significant decrease in microgel size is 
however detected in xMeOH = 0.2.83 The transition width determined by DSC and VPT 
determined from DLS both reflect broadening of the phase transition while turbidimetry does 
not. Moreover Tpeak from DSC and VPTT from DLS are in agreement, while CP deviates 
from VPTT at high xMeOH. This shows that Tpeak, CP and VPTT may differ from each other 
for the same sample. Therefore in the following DLS and DSC will be used to describe phase 
behaviour of the microgel while turbidimetry is used to support the data. 
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3.2.2 Influence of the synthesis method on phase behaviour in water 
Figure 3.6 displays phase behaviour of two PNIPAM samples in pure water in a 
temperature range between 10 °C and 44 °C. The PNIPAM sample was prepared with 
conventional batch synthesis while the PNIPAM_m sample was synthesised in a microwave 
oven. A sharp transition at 32 °C is clearly visible for PNIPAM as well as for PNIPAM_m. 
The collapse of both samples is completely reversible; by cooling the sample particles swell 
to their initial size. The two samples display almost identical average particle radii and have 
both narrow size distributions. The standard deviation from the mean hydrodynamic radius is 
however slightly smaller for the PNIPAM_m sample. 
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Figure 3.6: Comparison of temperature dependent DLS measurements of PNIPAM (blue circles) and 
PNIPAM_m (black circles). 
Monomer concentration, amount of cross-linker, surfactant concentration and 
concentration of radical initiator was similar in both syntheses. Thus the narrower size 
distribution of PNIPAM_m can be attributed to the heating with microwave.11,16 According to 
this observation phase behaviour, VPTT as well as mean Rh are not influenced by the 
synthesis method.12 This is in agreement with Murray et al.11 
Phase behaviour of the two PNIPAM samples in methanol/water mixtures is also 
comparable. Results for PNIPAM will be discussed in detail in the following chapters, 
comparison of PNIPAM and PNIPAM_m can be found in chapter 7.2 (appendix). 
 - 58 - 
3.2.3 Influence of monomer Structure 
3.2.3.1 PNIPAM, PDEAAM and PVCL in aqueous solution 
The structure of the monomer influences the phase behaviour of the corresponding 
polymer. An example is pictured in Figure 3.7. Relative hydrodynamic radii (Rh,rel) in 
dependence of temperature (Rh(T)) of PNIPAM, PDEAAM and PVCL are compared. Like 
expected PNIPAM (circles) displays a sharp transition around 32 °C, PDEAAM (squares) a 
more continuous phase transition around 26 °C.1,30 The PVCL (pentagon) microgel shows a 
phase transition around 35 °C. One might guess that the shape of Rh(T) of PVCL is closer to 
that of PDEAAM than to that of PNIPAM. 
The VPTT of PVCL is about 1 to 3 K higher than literature values.22,23,25,26 Since the same 
sample showed a VPTT of 32 °C directly after the synthesis25 this discrepancy could be 
explained by aging effects. To avoid errors resulting from this discrepancy all DLS 
measurements shown here were performed some weeks after the synthesis. DLS experiments 
on the PVCL sample showed that after this time no further ageing occurs. 
On absolute scale the PDEAAM particle has a slightly bigger radius in swollen state than 
the PNIPAM sample (Rh10 °C = 97 nm, Rh44 °C = 45 nm). The PVCL particles are not only 
bigger in swollen state (Rh10 °C = 169 nm, Rh55 °C = 56 nm) but the change in Rh from swollen 
to collapsed state, ∆Rh, is bigger than for the other two microgels. This implies a less cross-
linked structure of PVCL particles compared to PDEAAM and PNIPAM.7,10 This is in 
agreement with the microgel morphology: slightly less cross-linker was used to synthesize the 
PVCL microgel. PDEAAM and PNIPAM were synthesized with 5 %, PVCL with 3 % cross-
linker. It was found that in this range the cross-link density of PNIPAM microgels has little 
influence on the transition temperature55,56 and the behaviour in methanol/water mixtures8,105. 
It is therefore assumed that the different cross-link densities are not of importance for this 
comparative study. 
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Figure 3.7: Comparison of Rh,rel(T) in water, PNIPAM (circles), PDEAAM (squares) and PVCL 
(pentagon). 
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None of the studied polymer microgels showed temperature sensitivity in pure methanol. 
The results are in agreement with earlier studies.1,21,30,97  
Previous DSC studies showed that the phase transition peak is broader and the transition 
entropy is lower for PDEAAM than for PNIPAM in water.9,18,104 Tpeak and VPTT are also in 
agreement.104 The phase transition peak of PVCL in water is very broad (21.7 K) and found at 
Tpeak~ 33 °C.106 The extremely broad peak in water seems to be characteristic for PVCL.107,108 
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3.2.3.2 PNIPAM, PDEAAM and PVCL in methanol/water mixtures 
Dynamic light scattering 
Cononsolvent sensitive behaviour of PNIPAM microgels is (amongst others) expressed in 
change of phase behaviour.8,83,109 Figure 3.8a shows the Rh of PNIPAM in mixtures with 
xMeOH = 0.0 to xMeOH = 0.2 in dependence of temperature. From xMeOH = 0.05 to xMeOH = 0.2 
the phase transition of PNIPAM becomes more and more continuous. Moreover, the VPTT is 
shifted drastically to lower temperature. In xMeOH = 0.1 the phase transition of PNIPAM is 
shifted to lower temperature but remains quite sharp. Therefore it can be assumed that the 
polymer-polymer as well as the solvent-polymer interactions in this mixture are still similar to 
those in water but take place at lower temperatures. In xMeOH = 0.2 the phase transition is very 
broad and shifted to even lower temperatures. Therefore, here the kind and the initial 
temperature of the polymer-solvent interactions have to have changed significantly. In 
xMeOH = 0.1 as well as in xMeOH = 0.2 the initial radius is similar to the radius of the swollen 
microgel in water. The radii at high temperature increase with increasing methanol content. 
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Figure 3.8: Temperature dependent hydrodynamic radii of PNIPAM in methanol/water mixtures from 
xMeOH = 0-1, measured with DLS. 
This increase in size at higher temperature is significant in mixtures with xMeOH > 0.2 as 
Figure 3.8b shows. Phase transition becomes even more continuous with increasing xMeOH. In 
some mixtures there is still phase transition and thus a VPTT detectable. However, above 
xMeOH = 0.4 Rh(T) is to broad to define a VPTT. PNIPAM is neither completely swollen nor 
collapses completely any more in mixtures with xMeOH = 0.2 to xMeOH = 0.6. 
The phase behaviour of PNIPAM particle in the mixture with xMeOH = 0.3 deviates slightly 
from the general trend. The radii of the particle are bigger than radii in xMeOH = 0.4. This 
could be due to formation of aggregates in this sample. Aggregation is discussed further in the 
discussion section of this chapter. 
In mixtures with methanol excess (xMeOH > 0.5) PNIPAM displays only very little 
response to temperature changes between 5 and 50 °C. The phase transition vanishes; the 
measured particle radius is more or less constant. However, in MeOH/water mixtures with 
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xMeOH > 0.5 PNIPAM particles are not swollen to the size they have in pure water or pure 
methanol. It is likely that the methanol dominates the solvent system in this case; the 
methanol keeps the microgel in a partially swollen state.76 Similar behaviour was found for 
linear PNIPAM chains in water/methanol mixtures.58 It is suggested that with increasing 
methanol content more and more methanol is present along the PNIPAM chains.110 The shift 
of VPTT is discussed later in this chapter. 
The same behaviour as for PNIPAM should be observed for other secondary 
poly(acrylamides) in case that the structure of the side chain is the important feature for the 
existence or absence of cononsolvency. Therefore a poly(N-n-propylacrylamide) (PNNPAM) 
microgel that also shows a thermo-responsive behaviour111 was studied by DLS in 
MeOH/water mixtures. It was found that the change of Rh(T) of PNNPAM shows the same 
trends as observed for PNIPAM. A very sharp transition is found in pure water. The transition 
gets broader with increasing methanol content but is still very clear at xMeOH = 0.05 and 
xMeOH = 0.10. A rather continuous transition is observed only in the mixtures with highest 
methanol content studied here (xMeOH = 0.33 and xMeOH = 0.38).112 
PDEAAM is a temperature sensitive polymer which is known to be non-sensitive 
concerning cononsolvency.21,37,75 Phase behaviour of the PDEAAM sample in MeOH/water 
mixtures, determined from DLS, is shown in Figure 3.9. 
PDEAAM particles experience an increasingly continuous phase transition with 
increasing methanol fraction. The Rh(T) of PDEAAM in the mixtures from xMeOH = 0.1 to 
xMeOH = 0.35 become even broader than the ones in PNIPAM in the same mixtures. A good 
example is phase behaviour in xMeOH = 0.25. PNIPAM shows still a clear collapse. The size of 
PDEAAM decreases very smoothly, temperature dependent behaviour is detectable. However 
no minimum radius is reached in the covered temperature range. Rh(T) becomes insensitive to 
temperature with methanol fraction of xMeOH ≥ 0.35. Thus, temperature sensitivity vanishes in 
mixtures with lower MeOH fraction compared to PNIPAM. Moreover, PDEAAM radii at 
high temperature increase more drastically in the mixtures compared to PNIPAM. 
Another result is that below 26 °C hydrodynamic radii decrease slightly in the 
MeOH/water mixtures, compared to radii in pure water at the same temperature range. 
However, at temperatures above 26 °C the particle is more swollen in the mixtures than in 
water. This size effect was found in mixtures from xMeOH = 0.05 to xMeOH = 0.5. This means 
above 26 °C, which is the VPTT of PDEAAM in water, all methanol/water mixtures are 
better or comparable solvents than pure water; below 26 °C water is a better solvent. 
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Figure 3.9: Rh(T) of PDEAAM in MeOH/water mixtures from xMeOH = 0.0-0.35 measured with DLS. 
DLS measurements confirmed that PDEAAM microgels experience no reduction in VPTT 
in MeOH/water mixtures compared to VPTT in pure water. At all methanol fractions 
transition occurs at elevated temperature compared to water. Above xMeOH = 0.25 change of 
radii with temperature is so continuous that it is no longer possible to determine VPTT with 
the described method. Shift of VPTT is discussed in detail later in this chapter. 
Like shown in Figure 3.10, the phase transition of PVCL is influenced by the 
cononsolvent. With increasing methanol fraction the phase transition of PVCL becomes more 
and more continuous, comparable to PDEAAM. There is a very continuous size change and 
no minimum radius is detectable in the xMeOH = 0.25 mixture (in the covered temperature 
range). At medium methanol fraction of xMeOH = 0.3, the radii of the PVCL microgel particles 
are not temperature dependent any more. Above xMeOH = 0.3 PVCL shows no temperature 
sensitive behaviour. 
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Figure 3.10: Phase transition of PVCL in MeOH/water mixtures. 
In xMeOH = 0.1 the particle size at collapsed state (high temperature) is bigger than in pure 
water. In the mixture with xMeOH = 0.2 below 35 °C the PVCL microgel is smaller than in 
water; however above 35 °C PVCL shows significantly bigger size than in water above 35°C. 
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One aspect of the phase transition in methanol/water mixtures of PDEAAM can also be 
found for PVCL. Below 35°C, which is similar to the VPTT of our PVCL in water, the 
particle radii are smaller than in pure water; however, above 35°C PVCL particles become 
continuously bigger with increasing methanol fraction. The slight increase in size below 
16 °C in xMeOH = 0.1 can be assigned to aggregates. This was deduced from fits of the 
corresponding data with the CONTIN method.100 
Differential scanning calorimetry 
Phase transitions form PNIAM, PDEAAM and PVCL in methanol/water mixtures as 
detected from DSC display also differences. 
The transition peak of PNIPAM in mixtures becomes broader with increasing methanol 
fraction. Concomitantly the transition enthalpy decreases. Already in the mixture with 
xMeOD = 0.2 no transition peak is detectable any more.104 
The transition enthalpy found for PDEAAM also decreases with increasing methanol 
fraction. However, in contrast to PNIPAM, the peak width of PDEAAM is independent on 
methanol fraction in the solvent mixture.104 
Phase transition of PVCL has also an endothermic nature. The peak width of PVCL 
decreases with increasing xMeOD and becomes more or less constant for methanol 
concentrations xMeOD = 0.15 to xMeOD = 0.25 (around 8 K). Therefore, the peak width reveals 
clear parallels to PDEAAM but clear differences to PNIPAM. Like observed for PNIPAM 
and PDEAAM,104 the transition enthalpy decreases with increasing xMeOH. The difference in 
the case of PVCL compared to PDEAAM and PNIPAM is that a transition is detectable by 
DSC even at xMeOH = 0.2 and xMeOH = 0.25 but not above xMeOH = 0.25. 
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3.2.3.3 Dependence of the PTT on the methanol fraction 
VPTT (DLS) as well as Tpeak (DSC) of PVCL, PDEAAM and PNIPAM are plotted in 
Figure 3.11. VPTT and Tpeak of PNIPAM decrease in methanol/water mixtures compared to 
the transition temperature in water.104 The DSC data are in good agreement with our DLS data 
and with earlier results.8,58,109 Also turbidimetry supports the VPTT found by DLS and the 
Tpeak found by DSC. As already shown in Figure 3.4, cloud point (CP) and VPTT of the 
PNIPAM sample are in good agreement up to xMeOH ≈ 0.25. (More data on the VPTT of 
PNIPAM in mixtures is presented later in this chapter. Detailed discussion of the turbidimetry 
results can be found in the appendix, chapter 7.3.) 
A parallel to PNIPAM is present also for the VPTT of PNNPAM (another secondary 
amide) in MeOH/water mixtures. VPTT decreases drastically when small amounts of 
methanol are present and increases again towards higher methanol content.112 
DSC transition peaks for PDEAAM were found up to xMeOH = 0.15 and DLS transitions 
up to xMeOH = 0.25. The VPTT increases continuously with increasing methanol fraction, 
while Tpeak changes only slightly.104 
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Figure 3.11: Tpeak from DSC (grey open symbols) and VPTT from DLS (black filled symbols) of PVCL, 
PDEAAM, and PNIPAM. DSC data for PDEAAM and PNIPAM are taken from ref 104. The 
dashed lines are guides to the eye. 
For PDEAAM the determination of the VPTT is difficult for some mixtures. At methanol 
fractions above xMeOH = 0.25, there is still temperature dependence of particle volume 
detectable. However, the exact calculation of the VPTT is hardly possible due to the very 
continuous phase transition. Turbidimetry yields an increased CP of PDEAAM in 
methanol/water mixtures compared to CP in water. In xMeOH = 0.3 only minimal changes in 
transmission were detected. These results support the results from DLS. 
The VPTT of PVCL microgel in methanol/water mixtures is shifted to higher 
temperatures compared to its VPTT in pure water. This is similar to the VPTT trend of 
PDEAAM in methanol/water mixtures and in agreement to earlier studies on linear PVCL 
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chains107. By DSC Maeda et al. showed that the transition temperature of linear PVCL chains 
is not influenced at lower methanol fraction and increases with methanol fraction above 
35 vol %.107 Like phase transition of PDEAAM, the phase transition of PVCL becomes too 
continuous to detect the VPTT further above xMeOH = 0.25. However by DSC there is phase 
transition still detectable in xMeOH = 0.25. Comparable to PDEAAM, Tpeak of PVCL changes 
hardly with increasing methanol fraction. 
A remarkable difference between PVCL and PDEAAM on one hand and PNIPAM on the 
other hand is a discrepancy between the VPTT values and Tpeak values. For PVCL and 
PDEAAM DLS shows an increase in the VPTT values while DSC shows that the breaking of 
H-bonds, reflected by Tpeak, happens at approximately the same temperature, irrespective of 
the methanol concentration. For PNIPAM both Tpeak and VPTT decrease with increasing 
xMeOH. 
If the ∆Rh are compared it becomes apparent that values of PVCL are more comparable to 
PDEAAM than to PNIPAM. All microgels show first continuous decrease in ∆Rh with 
increasing xMeOH. ∆Rh approaches a constant value with different xMeOH for the different 
microgels. 
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3.2.3.4 Comparison of relative radii 
The results presented in the foregoing section imply that more information on the 
influence of methanol on the microgels might be gained by comparing the hydrodynamic 
radius, Rh at fixed temperatures in dependence of the methanol fraction. This is done in 
Figure 3.12. It shows that the minimum in Rh is found at different methanol fractions than the 
minimum in VPTT. 
The relative hydrodynamic radii of PNIPAM at 10 °C in methanol/water mixtures 
decrease first with increasing methanol fraction; above xMeOH = 0.35 the radii become bigger 
again. 
The hydrodynamic radii of PDEAAM at 10 °C in the mixtures are also decreased 
compared to the radius in pure water. The change in radius however, is not as big as for 
PNIPAM. While PNIPAM shows maximum shrinkage of about 40 % in radius, PDEAAM 
only shrinks at most 13 % in radius. The smallest particle size of PDEAAM is found in 
xMeOH = 0.15 and it changes only slightly up to a methanol fraction of xMeOH = 0.5. 
Also the PVCL microgel exhibit slight size changes in the mixtures, already at 10 °C. At 
10 °C, particle size follows no clear trend with increasing methanol fraction. The smallest 
radius for PVCL at 10 °C is found in the mixture with xMeOH = 0.35. At these conditions the 
particle is about 13.5 % smaller than in pure water. Although there is no temperature sensitive 
behaviour detectable any more, PDEAAM, PVCL and PNIPAM are still 5 to 8 % smaller in 
the mixture with xMeOH = 0.5 at 10 °C than in pure water at 10 °C. 
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Figure 3.12: Relative radii of PVCL, PDEAAM and PNIPAM at 10 °C, 20 °C 30 °C and 40 °C in different 
MeOH/water mixtures. The left ordinate (black) refers to relative radii of PNIPAM and 
PDEEAM, the right ordinate (grey) refers to relative radii of PVCL. The dashed/dotted lines 
are guides to the eye. 
At 20 °C the relative hydrodynamic radii show comparable dependencies as at 10 °C; 
however, the minimum in radius has shifted to lower methanol fraction for all polymer 
microgels. 
For the PDEAAM sample the influence of the phase transition temperature becomes 
apparent already at 30 °C. While PVCL and PNIPAM both show a minimum in radius which 
is shifted to even lower xMeOH as compared to 20 °C, PDEAAM displays the smallest radii in 
water. 
In water at 40 °C all polymer microgels are in the collapsed state. Therefore there is only 
little size change in mixtures with low methanol fraction followed by a more or less strong 
increase in particle size for mixtures with methanol excess. 
10 °C 20 °C 
30 °C 
40 °C 
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3.2.3.5 Discussion on the influence of monomer structure 
According to Tpeak and VPTT there is no cononsolvency detectable for PVCL and 
PDEAAM. VPTT is higher in all studied mixtures than VPTT in pure water for both 
microgels while Tpeak is hardly influenced by composition of the solvent. However, when 
comparing the radii of PVCL and PDEAAM at different methanol fractions at 10 °C and 
20 °C there is, even though it is small, a size-decreasing effect detectable. This size 
decreasing effect could be due to slight contraction of dangling chains on the particle surface 
in the solvent mixtures. To verify this structural investigation need to be done. 
All in all, it turns out that PVCL is much more comparable to PDEAAM than to 
PNIPAM, which can be illustrated by the following phenomena: (i) The shape of Rh(T) curve 
observed by DLS, (ii) decrease of Rh and ∆Rh with increasing xMeOH and (iii) Change of Tpeak 
and VPTT. In the following these similarities will be discussed. 
(i) The shape of the Rh(T) curve provides information on the cooperativity of the chain 
segments in the polymer network.18,75 In the case of PNIPAM in water, for example, the Rh(T) 
decreases sharply. This is due to the unhindered cooperative interaction between H-Bond 
donor and H-Bond acceptor function within the chains of the network and the fast repulsion 
of the water molecules.75 With increasing methanol fraction the phase transition of PNIPAM 
becomes broader; this could be a hint for reduced cooperativity due to accumulation of 
methanol molecules along the PNIPAM chain with increasing methanol fraction. 
The phase transition expressed by Rh(T) of PDEAAM is already broad in water and 
becomes even broader in methanol/water mixtures. PVCL shows an Rh(T) trend in the 
mixtures which is comparable to the one of PDEAAM. Rh(T) curves of PVCL and PDEAAM 
in methanol/water mixtures become more and more continuous with increasing methanol 
fraction. Cooperative interactions in PVCL and PDEAAM are thus suggested to be 
suppressed at any methanol fraction because both have only H-bond acceptor units. 
Above xMeOH = 0.25 PVCL microgel particles do not show temperature dependent size 
change any more in the covered temperature range. This is due to the adsorption of methanol, 
which keeps the particle in almost fully swollen state. PDEAAM particles experience still a 
size change in mixtures with xMeOH = 0.25 and xMeOH = 0.3; but like observed for PVCL, this 
size change is small and no plateau radii are reached. The Rh(T) curve of PDEAAM becomes 
temperature-independent with slightly higher methanol fraction of xMeOH = 0.35. For 
PNIPAM particles the temperature dependence of particle size is still detectable in mixture 
with xMeOH = 0.35 and hardly for xMeOH = 0.4. 
These results suggest that, in the case of PVCL and PDEAAM, less methanol is needed to 
keep the particle in swollen state than for PNIPAM microgels. This again would suggest that 
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methanol has a high affinity to PVCL and PDEAAM. For PDEAAM it was found that 
methanol is the better solvent compared to water.66,86 This seems to be the case for PVCL 
also. 
(ii) Decrease of Rh and ∆Rh with increasing xMeOH: The volume of PNIPAM changes 
significantly with increasing methanol fraction at 10 °C and 20 °C while the volumes of 
PVCL and PDEAAM change comparatively slightly. Methanol is the better solvent for 
PDEAAM than water.66,86 If there is methanol excess, more methanol molecules can bind to 
the polymer chains, this leads to improved solvability. Therefore, PVCL and PDEAAM have 
bigger radii at same xMeOH and same temperature than PNIPAM. Moreover, neither PVCL nor 
PDEAAM will form intramolecular H-bonds, because their monomer units contain only H-
bond acceptor function. The intermolecular interaction with solvent is thus more favoured 
compared to PNIPAM. The still reduced particle size of PVCL and PDEAAM at higher 
methanol fraction (between xMeOH = 0.25 and xMeOH = 0.5) could be an effect of the outer 
fuzzy surface of the particles. It has already been shown for PNIPAM and PDEAAM 
microgels (with SANS measurements)37 that the chains on the surface are not as expanded in 
the mixtures as they are in water or pure methanol. This could be the case for PVCL also. 
It is unlikely that a more or less cooperative loss of hydration that would lead to heat 
exchange is the reason for the size change at higher methanol fraction, since the DSC peak 
vanishes. It might be speculated that already at low temperatures a solvation of the polymers 
by methanol is more favoured in mixtures with higher methanol fraction than in mixtures that 
mainly contain water. 
(iii) Change of Tpeak and VPTT: The VPTT of PVCL and PDEAAM increase in 
methanol/water mixtures compared to VPTT in water. DSC results reflect only a slight 
change in Tpeak. This is in contrast to PNIPAM where Tpeak and VPTT decrease strongly. The 
reduction of those values, in the case of PNIPAM, reflects reduced quality of the particular 
solvent and accordingly the change of polymer-solvent interaction. According to this an 
increase in transition temperatures in methanol/water mixtures results from increased solvent 
quality. That would mean that the same methanol/water mixture is a better solvent for 
PDEAAM and PVCL but a worse solvent for PNIPAM (compared to water). Also this result 
may be explained by the difference in the ability of the three polymers to build H-bonds 
combined with preferential adsorption of methanol.113,114 
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As explanation two ways of manifestation of the cononsolvency effect can be proposed: 
(i) The two solvent molecules compete to interact with the polymer chains; at certain 
concentrations neither of the solvents swells the microgel to its maximum volume. As a 
consequence the particles have a lower volume at critical alcohol concentrations. This effect 
is observable for all the microgel particles studied: PVCL, PDEAAM and PNIPAM 
(ii) Additionally, for PNIPAM which monomers have both H-bond donor and acceptor 
groups, a second effect is present. A decrease of the VPTT at certain methanol fraction can be 
observed, because the interactions with the solvent can be exchanged for intra- and 
intermolecular polymer-polymer H-bonds. On the other hand, for donor-type-only polymeric 
microgels, such as PVCL and PDEAAM, the H-bonds with water are exchanged for H-bonds 
with methanol; intramolecular H-bonds cannot be build. Because methanol is a better solvent 
for them, the particles are better stabilised, the VPTT increases. 
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3.2.4 Influence of microgel composition 
3.2.4.1 Phase behaviour in aqueous solution 
Copolymer microgels consisting of NIPAM and DEAAM monomer units display non-
ideal VPTT dependence on composition.20 It is assumed, as mentioned in the introduction 
part, that this is due to synergistic H-bond interaction along the polymer chains.20 A depressed 
VPTT compared to the corresponding homopolymers could be confirmed for the synthesised 
P(NIPAM-co-DEAAM) microgels. Copolymerisation leads also to different phase behaviour 
of the copolymer compared to the corresponding homopolymers, like displayed in 
Figure 3.13. The NIPAM-unit content in the copolymers is 77 mol % (P(NIPAM-co-
DEAAM)77), 53 % (P(NIPAM-co-DEAAM)53) and 28 % (P(NIPAM-co-DEAAM)28). The 
PDEAAM-rich (P(NIPAM-co-DEAAM)28) and the equimolar (P(NIPAM-co-DEAAM)53) 
have both a VPTT of 21 °C. The PNIPAM-rich P(NIPAM-co-DEAAM)77 collapses around 
25 °C. The phase transitions of P(NIPAM-co-DEAAM)53 and P(NIPAM-co-DEAAM)28 are 
quite similar to each other. 
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Figure 3.13: Copolymers in water, compared to PNIPAM and PDEAAM. 
 
 - 72 - 
3.2.4.2 Phase behaviour in mixtures 
Linear PDEAAM and linear P(DEAAM-NIPAM) copolymers were analysed in different 
methanol/water mixtures by Maeda and Yamabe.21 They found that the cloud point 
temperature (CP) of copolymers increases with increasing DEAAM content. 
Temperature dependent DLS of the three synthesized copolymer microgels showed that 
the difference in composition has significant influence on the phase behaviour in 
MeOH/water mixtures. For clarity reasons only four different mixtures will be discussed in 
detail here. Figure 3.14 shows phase behaviour of the three copolymers compared to 
PNIPAM and PDEAAM in xMeOH = 0.1 (Figure 3.14a) and xMeOH = 0.15 (Figure 3.14b) 
respectively. The phase transition curves of the copolymers in xMeOH = 0.1 are quite similar. 
With little higher methanol fraction of xMeOH = 0.15 phase behaviour of the PDEAAM-rich 
P(NIPAM-co-DEAAM)28 deviates from the other two and becomes more similar to 
behaviour of pure PDEAAM. 
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Figure 3.14: Rh(T) of the three copolymers compared to the homopolymers in (a) xMeOH = 0.1 and (b) 
xMeOH = 0.15. 
This trend becomes more significant in mixtures with higher MeOH fraction. As examples 
xMeOH = 0.25 and xMeOH = 0.4 are shown in Figure 3.15. PDEAAM and P(NIPAM-co-
DEAAM)28 display very continuous decrease in particle size in xMeOH = 0.25 and no 
minimum is reached. P(NIPAM-co-DEAAM)28 aggregates above 26 °C. For the other 
microgels a phase transition with a plateau in particle radii is found. P(NIPAM-co-
DEAAM)53 and PNIPAM show a strong collapse while the radii at high temperature of 
P(NIPAM-co-DEAAM)77 are significantly bigger than in xMeOH = 0.1. 
a b 
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Figure 3.15: Comparison of phase behaviour of studied microgels in (a) xMeOH = 0.25 and (b) xMeOH = 0.4. 
Moreover, PNIPAM and P(NIPAM-co-DEAAM)53 show comparable phase transition; 
P(NIPAM-co-DEAAM)77 displays a slightly more continuous decay in size. In xMeOH = 0.4, 
PDEAAM and P(NIPAM-co-DEAAM)28 show hardly any Rh dependence on temperature. 
However, Rh(T) change is detectable for P(NIPAM-co-DEAAM)53, P(NIPAM-co-
DEAAM)77 and PNIPAM. The Rh(T) becomes more continuous with increasing DEAAM 
content, also in this mixture. 
Comparable to pure PNIPAM, aggregation occurred in the P(NIPAM-co-DEAAM)77 in 
xMeOH = 0.35 sample above 11 °C as well as in the P(NIPAM-co-DEAAM)28 in xMeOH = 0.25 
sample above 26 °C. In P(NIPAM-co-DEAAM)77 in xMeOH = 0.3 a slight increase of particle 
size is detected. CONTIN fit of the corresponding DLS data indicates formation of 
aggregates.100 
a b 
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3.2.4.3 Comparison of relative radii 
The relative hydrodynamic radii (Rh,rel) of PNIPAM, PDEAAM and all copolymers in 
dependence of xMeOH are shown in Figure 3.16. At 10 °C all copolymer microgels show 
minimum Rh,rel at xMeOH = 0.2. PDEAAM shows the minimum in xMeOH = 0.15 and PNIPAM 
in xMeOH = 0.25. The copolymers show bigger ∆Rh than pure PNIPAM in mixtures with 
xMeOH = 0.05 to xMeOH = 0.2. Above xMeOH = 0.2 this effect is reversed and PNIPAM shows 
stronger collapse than the copolymers. At methanol fraction of xMeOH = 0.5 P(NIPAM-co-
DEAAM)53 as well as P(NIPAM-co-DEAAM)28 are swollen to almost the same size than in 
pure water at 10 °C while the PNIPAM-rich copolymer P(NIPAM-co-DEAAM)77 and 
PNIPAM display smaller Rh,rel in xMeOH = 0.5 than in water. In pure methanol a comparable 
trend in radii is found: P(NIPAM-co-DEAAM)53 and the PDEAAM-rich P(NIPAM-co-
DEAAM)28 copolymer show a bigger hydrodynamic radius than in water, the other three 
have similar size in pure water and in pure methanol at 10 °C. Between xMeOH = 0.5 and 
xMeOH = 1 Rh,rel converge to the value in water. 
0.0 0.1 0.2 0.3 0.4 0.5
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
 
 
R
h,
re
l
xMeOH
 P(NIPAM-co-DEAAM)77
 P(NIPAM-co-DEAAM)53
 P(NIPAM-co-DEAAM)28
10 °C
a
 PNIPAM  PDEAAM
0.0 0.1 0.2 0.3 0.4 0.5
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
 
 
R
h,
re
l
xMeOH
P(NIPAM-co-DEAAM)77
P(NIPAM-co-DEAAM)53
20 °C
b
PDEAAM P(NIPAM-co-DEAAM)28
PNIPAM
0.0 0.1 0.2 0.3 0.4 0.5
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
 
 
R
h,
re
l
xMeOH
 PNIPAM
 P(NIPAM-co-DEAAM)77
 P(NIPAM-co-DEAAM)53
 P(NIPAM-co-DEAAM)28
 PDEAAM
30°C
c
0.0 0.1 0.2 0.3 0.4 0.5
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
 
 
R
h,
re
l
xMeOH
 PNIPAM
 P(NIPAM-co-PDEAAM)77
 P(NIPAM-co-PDEAAM)53
 P(NIPAM-co-PDEAAM)28
 PDEAAM
40°C
d
 
Figure 3.16: relative radii of homo- and copolymer microgels in different MeOH/water mixtures at 
(a) 10 °C, (b) 20 °C, (c) 30°C and (d) 40 °C. The dotted lines are guides to the eye. 
At 20 °C and below a molar methanol fraction of xMeOH = 0.2 the three copolymer 
microgels show smaller Rh,rel than PNIPAM. Above xMeOH = 0.3 Rh,rel of all copolymers are 
bigger than Rh,rel of PNIPAM. This is displayed in Figure 3.16b and comparable to the relative 
radii at 10 °C. 
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With xMeOH ≤ 0.2 at 30 °C all copolymers are in collapsed state (Figure 3.16c). This is 
probably due to the low VPTT of the copolymers in water (which is again a consequence of 
synergistic polymer-polymer interaction.).20 With higher methanol fractions the particles 
swell again as a consequence of methanol excess. PDEAAM and the PDEAAM-rich 
copolymer microgel P(NIPAM-co-DEAAM)28 swell most in mixtures with high methanol 
fraction. This could be due to the high affinity of methanol to PDEAAM. 
Finally, at 40 °C all polymer microgels are collapsed below xMeOH = 0.25 and re-swell 
with xMeOH > 0.25 (methanol excess, Figure 3.16d). Again PDEAAM shows the biggest radii, 
which is probably due to methanol adsorption on the PDEAAM-chains. 
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3.2.4.4 Comparison of transition temperature in mixtures 
Figure 3.17a compares the VPTT of PNIPAM, PDEAAM and the three copolymers in 
dependence of xMeOH. The VPTT of PNIPAM is shifted to drastically lower temperature 
already in xMeOH = 0.1 and decreases further with increasing xMeOH. A minimum of ~ -3 °C is 
reached in xMeOH = 0.35. Above this methanol concentration, the VPTT increases strongly 
again. With DLS a VPTT is neither detectable in methanol rich mixtures (xMeOH > 0.5) nor in 
pure methanol. 
In contrast to PNIPAM, VPTT of PDEAAM increases in all studied mixtures. The lowest 
VPTT is therefore in water at 26 °C, the highest detectable VPTT is in xMeOH = 0.25 at 45 °C. 
The VPTT change of copolymers differs from that behaviour. The VPTT of P(NIPAM-
co-DEAAM)77 and P(NIPAM-co-DEAAM)53 are reduced strongly. However, VPTT of 
P(NIPAM-co-DEAAM)28 is reduced only slightly. Moreover the minimum VPTT is found 
with lower methanol fractions than for PNIPAM. Minima VPTT are ~ 3 °C for P(NIPAM-co-
DEAAM)77 in xMeOH = 0.3, ~ 3 °C for P(NIPAM-co-DEAAM)53 in xMeOH = 0.3 and ~ 15 °C 
for P(NIPAM-co-DEAAM)28) in xMeOH = 0.2. None of the studied copolymer microgels 
showed temperature sensitive behaviour in pure methanol. These results are consistent with 
earlier studies on linear copolymers21 and PNIPAM58,65,109. By comparing ∆VPTT (the 
difference of (co-)polymers VPTT in the mixtures compared to their VPTT in water) in 
Figure 3.17b, the influence of DEAAM content on VPTT can nicely be displayed. 
(∆VPTT = VPTTmixture - VPTTwater) 
0.0 0.1 0.2 0.3 0.4 0.5
-10
0
10
20
30
40
50
 
 
 PNIPAM
 P(NIPAM-co-DEAAM)77
 P(NIPAM-co-DEAAM)53
 P(NIPAM-co-DEAAM)28
 PDEAAM
VP
TT
 
/ °
C
xMeOH
a
0.0 0.1 0.2 0.3 0.4
-50
-40
-30
-20
-10
0
10
20
 
 
∆V
PT
T 
 
/ °
C
xMeOH
 PNIPAM
 P(NIPAM-co-DEAAM)77
 P(NIPAM-co-DEAAM)53
 P(NIPAM-co-DEAAM)28
 PDEAAM b
 
Figure 3.17: (a) VPTT and (b) ∆VPTT of studied microgels in dependence of the molar methanol fraction. 
The dotted lines are guides to the eye. 
∆VPTT of PDEAAM is positive for all mixtures. ∆VPTT of the copolymers depends 
gradually on the DEAAM content. With increasing number of DEAAM units inside the (co-) 
polymer ∆VPTT of the different microgels becomes gradually less negative in a respective 
mixture. The VPTT change of PNIPAM is negative in all studied mixtures. 
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Like for PDEAAM, the determination of VPTT is difficult for PDEAAM-rich P(NIPAM-
co-DEAAM)28 in mixtures with methanol content above xMeOH = 0.3. There is still 
temperature dependence detectable, but the calculation of VPTT is hardly possible due to the 
very continuous transition. 
Turbidimetry measurements of the copolymers confirmed the trends found with DLS. CP 
of P(NIPAM-co-DEAAM)77 decrease with increasing xMeOH, show a minimum in 
xMeOH = 0.3 and 0.35 and above xMeOH = 0.4 there is no temperature sensitivity detectable any 
more. 
The copolymer with equimolar NIPAM/DEAAM ratio, P(NIPAM-co-DEAAM)53, 
displays also decrease of CP in mixtures with low methanol fraction. The lowest CP is in 
xMeOH = 0.2 and the CP in xMeOH = 0.3 is already even higher than the CP in pure water. In 
xMeOH = 0.35 and above no CP can be detected. 
The copolymer with even more DEAAM in the network, P(NIPAM-co-DEAAM)28, 
shows a comparable solubility trend to P(NIPAM-co-DEAAM)53. However, CP in the 
xMeOH = 0.25 mixture is already higher than in pure water and a quite strong increase in CP is 
found in xMeOH = 0.3. In mixtures above this methanol fraction (xMeOH ≤ 0.35) no clouding 
occurred with increasing temperature. 
Figure 3.18a compares the CP of the copolymers, PNIPAM and PDEAAM. Moreover, the 
change in CP with increasing methanol fraction in comparison to the CP in water for the same 
microgel is shown in Figure 3.18b. (∆CP = CPmixture - CPwater) CP trends are in good 
agreement with the VPTT trends deduced from DLS. 
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Figure 3.18: (a) Cloud point and (b) ∆cloud point of PNIPAM, P(NIPAM-co-DEAAM)77, P(NIPAM-co-
DEAAM)53, P(NIPAM-co-DEAAM)28 and PDEAAM in different MeOH/water mixtures. 
The dotted lines are guides to the eye. 
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3.2.4.5 Discussion on the influence of microgel composition 
The differences in phase behaviour can occur from different H-bond interactions between 
the amide-groups. At equimolar NIPAM/DEAAM ratio all NIPAM units can theoretically 
built intramolecular H-Bonds with a DEAAM unit. If there are more NIPAM units in the 
chain than DEAAM units (P(NIPAM-co-DEAAM)77), the excess NIPAM units can form 
intramolecular H-bonds or interact with the solvent. There are however no “free” DEAAM 
units. In the copolymer with low NIPAM content it is the other way round. P(NIPAM-co-
DEAAM)28 has excess DEAAM units. Thus the more hydrophobic character of PDEAAM 
(compared to PNIPAM) becomes operative.20,33 It was already shown that copolymers of 
DEAAM and NIPAM display reduced VPTT in water compared to the homopolymers20 due 
to synergistic interactions. This synergistic interplay can also take place in the mixture and 
leads in consequence to bigger ∆Rh. The bigger ∆Rh of PNIPAM-rich P(NIPAM-co-
DEAAM)77 and P(NIPAM-co-DEAAM)53 copolymers at methanol concentration below 
xMeOH = 0.2 compared to PNIPAM can be explained this way. On the other hand, DEAAM 
segments in the polymer enhance the adsorption of methanol; methanol is the better solvent 
for PDEAAM than water.21,86 An excess of free methanol molecules, which can bind to the 
polymer chains, leads to enhanced solvability in MeOH/water mixtures. Therefore PDEAAM 
and PDEAAM-rich copolymers have bigger radii at same xMeOH than PNIPAM and PNIPAM 
rich copolymers. Also this would explain the stronger re-swelling and the higher VPTT of the 
copolymers compared to pure PNIPAM at methanol concentration above xMeOH = 0.2. 
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3.2.5 Influence of microgel architecture 
3.2.5.1 Phase transition of core-shell particles in water 
The phase transition of a core-shell particle should be a combined transition of core and 
shell.35 If the core and the shell polymer have transition temperatures which are different 
enough, a two step process is visible in the Rh(T) curve. This is especially the case if the shell 
consists of the polymer with the lower VPTT. Phase transition of such a core-shell particle is 
shown in Figure 3.19a. The shell collapses first and the core experiences a slight suppression 
from the collapsing shell. The core of the core-shell microgel, shown in Figure 3.19a, consists 
of PNIPAM and the shell of PDEAAM. The shell is about 15 nm bigger in radius than the 
core. This size difference is visible if both particles are in the collapsed state, above 40°C. 
The core/shell ratio is ~ 80(core)/20(shell) (Calculated from mass in feed and radii.). 
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Figure 3.19: Phase transition of (a)  PNIPAM-core-PDEAAM-shell (black-red) particle compared to 
PNIPAM-core (black) and (b)  PDEAAM-core-PNIPAM-shell (red-black) microgel compared 
to PDEAAM-core (red). 
A two step collapse is not observed if the polymer with the lower VPTT is the core 
polymer. A particle with a PDEAAM-core and a PNIPAM-shell is pictured in Figure 3.19b. 
Not only is the build-up different to the fist core-shell particle, also the thickness of the shell. 
In collapsed state the shell is about 22 nm bigger in radius than the core. This means this 
PNIPAM-shell on the PDEAAM core is bigger than the PDEAAM-shell on the PNIPAM-
core. In this case the core/shell ratio is about 60/40. Like shown in Figure 3.19b the collapse 
of the PDEAAM-core-PNIPAM-shell particle is much sharper than the collapse of the neat 
PDEAAM-core. This means the shell dominates the phase transition in water as it is observed 
by DLS. 
The core-shell particles were synthesised in a two step process described in detail in the 
experimental part. 
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3.2.5.2 Phase transition of core-shell particles in methanol/water mixtures 
As mentioned in the foregoing chapters, PNIPAM is strongly affected by cononsolvency 
while PDEAAM is hardly affected. These different sensitivities of PDEAAM and PNIPAM 
towards methanol/water mixtures can lead to compartment restricted collapse in core-shell 
particles.37 The PNIPAM part is supposed to collapse while the PDEAAM part stays in 
swollen state in certain methanol/water mixtures.  
The phase behaviour in methanol/water mixtures of two core-shell microgels was studied 
by DLS. The respective core microgels of the core-shell particles are the already earlier 
described PNIPAM and PDEAAM. Temperature dependent DLS showed a change in Rh(T) 
of both core-shell particles in methanol/water mixtures compared to water. 
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Figure 3.20: PNIPAM-core-PDEAAM-shell in MeOH/water mixtures (a) Temperature dependent DLS (b) 
absolute Rh at 10 °C, 20 °C, 30 °C and 40 °C in dependence of xMeOH. The dashed lines are 
guides to the eye. 
Figure 3.20a shows Rh(T) of the PNIPAM-core-PDEAAM-shell microgel in pure water 
and in MeOH/water mixtures with xMeOH = 0.1 – 0.4, measured by DLS. Between 6 °C and 
20 °C the radii in different mixtures are quite similar to each other. The core-shell radii at 
high temperature increase with increasing xMeOH. This effect is also found for pure PDEAAM 
and pure PNIPAM; however the Rh increase is more distinct for the PNIPAM-core-
PDEAAM-shell particle than for the homopolymer microgels. There is only a small change in 
Rh with temperature in xMeOH = 0.35, this is comparable to PDEAAM in comparable mixture 
range. In xMeOH = 0.4 the microgel has similar radii over the whole temperature range; 
moreover, the particle is almost swollen to the size it has in pure water below 20 °C. 
However, in contrast to pure PDEAAM, the VPTT of the PNIPAM-core-PDEAAM-shell 
particle decreases with increasing methanol fraction. This is discussed further on page 83. 
The radii of the PNIPAM-core-PDEAAM shell particles at a fixed temperature in 
dependence of xMeOH are pictured in Figure 3.20b. There is only slight change in the radii at 
10 °C and 20 °C compared to the value in water. Again, minima in Rh are shifted to lower 
xMeOH with increasing temperature. At 30 °C and 40 °C the lowest Rh is not in water but in 
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xMeOH = 0.05. The phase behaviour of the PNIPAM-core-PDEAAM-shell particle is neither 
similar to the phase behaviour of PNIPAM core nor to the phase behaviour of the PDEAAM 
sample. Thus, neither the shell nor the core dominates the behaviour of the PNIPAM-core-
PDEAAM-shell microgel in MeOH/water mixtures. 
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Figure 3.21: PDEAAM-core-PNIPAM-shell in MeOH/water mixtures (a) Temperature dependent DLS (b) 
absolute Rh at 10 °C, 20 °C, 30 °C and 40 °C in dependence of xMeOH. The dashed lines are 
guides to the eye. 
Temperature dependent radii of PDEAAM-core-PNIPAM-shell microgel in different 
MeOH/water mixtures are displayed in Figure 3.21a. Already at 6 °C the microgel is 
considerably smaller in mixtures than in pure water. Above ~ 38 °C the PDEAAM-core-
PNIPAM-shell microgel is bigger in all mixtures than in water. The observed phase behaviour 
is quite similar to phase behaviour of PNIPAM. Rh(T) in xMeOH = 0.1 resembles Rh(T) in 
water. With increasing methanol fraction Rh(T) becomes more and more continuous. In 
xMeOH = 0.4 there is almost no temperature sensitivity detectable, however, the PDEAAM-
core-PNIPAM-shell microgel is neither fully swollen nor completely collapsed. Also, 
comparable to pure PNIPAM, the VPTT decreases drastically with increasing xMeOH. The 
thick PNIPAM-shell seems to dominate the behaviour of the PDEAAM-core-PNIPAM-shell 
particle. This is discussed further on page 83. 
Figure 3.21b shows Rh at four different temperatures in dependence of methanol fraction. 
These values show also similarities to the ones of the neat PNIPAM-core. The minimum of Rh 
is shifted to lower methanol fractions with increasing temperature. The particle size is reduced 
in the mixtures compared to the size in pure water at 10 °C, 20 °C and 30 °C. At 40 °C Rh is 
smallest in pure water, because the particle is collapsed at these conditions. 
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Comparison with the neat cores 
The VPTT of both core-shell microgels decrease with increasing xMeOH, like shown in 
Figure 3.22. The VPTT and especially ∆VPTT of PNIPAM, PNIPAM-core-PDEAAM-shell 
and PDEAAM-core-PNIPAM-shell are quite similar up to xMeOH = 0.15. In xMeOH = 0.2, the 
VPTT of PNIPAM-core-PDEAAM-shell is less decreased than the VPTTs of the other two 
samples. Above xMeOH = 0.2 the VPTT of the PNIPAM-core-PDEAAM-shell particle 
increases slightly again, whereas the VPTT of the other two still become lower. Phase 
transition of PNIPAM-core-PDEAAM-shell becomes too continuous to detect a VPTT with 
methanol fractions higher than xMeOH = 0.25. The VPTT of the PDEAAM-core-PNIPAM-
shell particle has a minimum in xMeOH = 0.25 and increases slightly with xMeOH > 0.25. In 
xMeOH = 0.4, the phase transition is quite continuous and no VPTT can be defined any more. 
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Figure 3.22: Core-shell microgels compared to neat cores (a) VPTT and (b) ∆VPTT. The dashed lines are 
guides to the eye. 
At 10 °C the relative radii of PNIPAM-core-PDEAAM-shell are much less influenced by 
the solvent composition than radii the neat PNIPAM core, like shown in Figure 3.23a. The 
minimum in radius of the PNIPAM-core-PDEAAM-shell is at lower xMeOH than the one of the 
PNIAPM. Contrariwise, like pictured in Figure 3.23b, the Rh minimum of the PDEAAM-
core-PNIPAM-shell particle is at higher xMeOH and the particle size is much more influenced 
by the solvent composition compared to the neat PDEAAM core. 
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Figure 3.23: Comparison of Rh,rel at 10 °C of (a) PNIPAM-core-PDEAAM-shell to neat PNIPAM core and 
(b) PDEAAM-core-PNIPAM-shell to neat PDEAAM core. Dotted lines are guides to the eye. 
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3.2.5.3 Discussion on the influence of particle architecture 
The results described in chapter 3.2.5 show that the phase behaviour in water and in 
methanol/water mixtures is influenced by the architecture of the particle. Copolymer 
microgels and core-shell particles of similar molar composition show different behaviour. For 
example, the PNIPAM-rich copolymer P(NIPAM-co-DEAAM)77 has lower VPTT in all 
mixtures compared to the PNIPAM-core-PDEAAM-shell microgel (80(core)/20(shell)). Core 
and shell are separated compartments in the core-shell particle. Thus, it is unlikely that core 
and shell form synergistic intermolecular H-bonds, which would lead to a lower VPTT, like 
observed for the copolymers. The VPTT of PNIPAM-core-PDEAAM-shell decreases in the 
mixtures; this is in contrast to the neat PDEAAM-core. Probably the influence of the 
PNIPAM-core leads to this decrease. However, the VPTT trend of the PNIPAM-core-
PDEAAM-shell in the mixtures is not very similar to the trend of the neat PNIPAM-core. 
Thus, also the PDEAAM-shell seems to have some influence. The neat PNIPAM-core and the 
PDEAAM-core-PNIPAM-shell microgel have quite similar VPTTs up to xMeOH = 0.25. This 
speaks for a dominating influence of the PNIPAM-shell. Only in mixtures with higher 
methanol fraction the PDEAAM-core seems to have some influence. 
Also the phase behaviour of the core-shell microgels is different compared to the 
copolymers. The phase behaviour of the copolymer depends gradually on their composition. 
However, the phase behaviour of the PDEAAM-core-PNIPAM-shell particle seems to be 
dominated by the thick PNIPAM-shell. Neither the PDEAAM-shell nor the PNIPAM-core of 
the PNIPAM-core-PDEAAM-shell particle dominates its phase behaviour clearly. It can be 
supposed that the PNIPAM part of the core-shell particles is influenced by the composition of 
the solvent and the PDEAAM part not. For an exact analysis of the respective compartment 
structure in a methanol/water mixture small angle neutron scattering (SANS) needs to be 
applied. Though core and shell are separated compartments, they could influence each other 
by mechanical forces. It is moreover assumed that the core and the shell have influence on 
each other by attractive polymer-polymer interaction. These influences, however, are not 
detectable by DLS. For this, NSE needs to be applied. This will be discussed in the following 
chapter 4. 
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3.3 Conclusion 
For phase behaviour as well as behaviour in MeOH/water mixtures the synthesis method 
is not of importance. 
The VPTT of PNIPAM microgel decreases in mixtures with xMeOH = 0.05-0.35. Not all 
thermoresponsive linear polymers, for example PDEAAM or PVCL, show this effect.21,107 
This is also the case for PDEAAM and PVCL microgels. Both show no depression in VPTT. 
However, DLS measurements revealed that PDEAAM and PVCL particles are slightly 
smaller in MeOH/water mixtures than in pure water below their VPTT (Probably due to slight 
contraction of dangling chains). Above their VPTT the particles are bigger in the mixtures 
than in pure water. This is due to methanol accumulating increasingly in the particle network, 
with increasing methanol fraction in the mixture. Our DLS and DSC results show that the 
behaviour of PVCL in mixtures of water and methanol can be well compared to the behaviour 
of PDEAAM. Clear differences compared to the behaviour of PNIPAM imply that the 
substitution pattern of the amide nitrogen is of crucial importance for the interaction with 
solvents as well as for the nature of the volume phase transition. The latter is mostly 
pronounced by the transition width which implies a much smaller cooperativity of the 
transition of tertiary amides. 
The DLS results indicate two major differences of PVCL and PDEAAM compared to 
PNIPAM in MeOH/water mixtures. First, the same amount of methanol in the solvent mixture 
leads to stronger swelling of PDEAAM and PVCL compared to PNIPAM. This is due to the 
high affinity of methanol to the two polymers. Second, the missing H-Bond donor unit in 
PVCL and PDEAAM has obviously a significant influence on their phase behaviour in 
methanol/water mixtures since they cannot form intramolecular H-bonds. 
The cononsolvency behaviour of P(NIPAM-co-DEAAM) microgels depends gradually on 
their composition. The more DEAAM units are incorporated in the microgel, the more the 
behaviour in mixtures converges towards the behaviour of PDEAAM. 
Core-shell microgels show cononsolvency dependent behaviour. Phase behaviour of the 
PNIPAM-core-PDEAAM-shell microgel in the mixtures is neither similar to phase behaviour 
of neat PDEAAM nor to neat PNIPAM. Also, the VPTT of the PNIPAM-core-PDEAAM-
shell microgel is decreased, in contrast to neat PDEAAM. The PDEAAM-core-PNIPAM-
shell microgel shows phase behaviour which is comparable to the behaviour of PNIPAM. It is 
assumed that the thick PNIPAM-shell dominates the phase behaviour. 
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Aggregation was observed in few samples (e.g. PNIPAM in xMeOH = 0.3), indicated by 
strong increase in scattering intensity and particle size during temperature dependent DLS. 
Selected correlation functions from the DLS measurements were fitted with the CONTIN 
aproach.100 According to the results aggregates are present in the samples. An UCST-
behaviour, like reported before109, is not very likely. The formation of aggregates was already 
described for a PINPAM/water/acidic acid system around medium fractions of the second 
solvent.81 For PNIPAM/water/MeOH their model81 can be interpreted differently: at a certain 
methanol fraction the polymer-polymer interactions are dominant; however, there is too less 
methanol to solvate the polymer. As a consequence the particle surface facilitates the 
adsorption of other PNIPAM particles. Eventually, this can lead to the observed aggregation. 
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Chapter 4: Structure and dynamics of microgels in 
methanol/water mixtures 
In this chapter the internal structure of the microgels and its dependency on temperature and 
solvent composition is described. Additionally polymer network dynamics were studied and 
are described here. 
Parts of this chapter were published in Macromolecules, 2010, Vol. 43, No. 16, pages 6829-
6833, (in cooperation with Prof. W. Richtering, Dr. P. Lindner and Dr. Martina Keerl), in 
PCCP, 2012, Vol. 14 pages 2762 - 2766, (in cooperation with Prof. W. Richtering ,Dr O. 
Holderer and Prof. D. Richter) and in Macromolecules, 2014, Vol. 47, No 17, pages 5982-
5988 (in cooperation with Dr. S. Maccarrone as first author, Dr O. Holderer, Dr. P. Lindner, 
Dr. M. Sharp, Prof. D. Richter and Prof. W. Richtering,). 
4.1 Introduction 
Scattering techniques, such as static light scattering (SLS), small angle x-ray scattering 
(SAXS) or small angle neutron scattering (SANS) can reveal the inner structure of microgel 
particles.1,2 These different techniques provide different wavelength. With the wavelength the 
q-range also varies. Thus, different length scales are covered by the different techniques. 
The microgels inner structure can be revealed from the scattering curve if an appropriate 
fit can be applied to the scattering data. Suitable form factor fit models for microgels were 
presented by Stieger et al.3 as well as by Berndt et al.4 The model from Stieger et al. describes 
soft microgel particles whereas the model from Berndt et al. was developed for core-shell 
microgels. These models take into account the inhomogeneous cross-link density of microgels 
and provide information on the microgel size and the decay of the polymer segment density at 
their surface. 
The models describe microgels by a combination of different ‘regions’; this is 
schematically depicted in Figure 4.1. One region is the central region with homogeneous and 
rather high polymer segment density.3,5 This inner part has a dimension of Rbox = R – 2σSurf. 
Up to this radius the density profile of the microgel can be described with a box profile. The 
decrease of the polymer segment density near the microgel surface is described with σSurf, the 
thickness of the so called fuzzy layer. At a radius of R the density profile has decreased to the 
half of the Rbox density. R is thus called the half width radius. At RSANS = R + 2σSurf the 
density profile approaches zero; RSANS thus describes the total size of the particle. RSANS is in 
general smaller than the hydrodynamic radius Rh measured with DLS.2 SANS is not as 
sensitive to the chains and the entrapped solvent at the particle surface as DLS.1 
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Density profiles can be calculated from the data obtained from form factor fits. These 
density profiles describe the polymer segment density distribution of polymer inside the 
particle at a given temperature and swelling state.4,5 The polymer segment density decreases 
gradually with increasing distance from particle centre. The fuzzier the outer layer of the 
particle is the more continuous decays the density profile. If a microgel is in swollen state it 
will display a rather small dense centre and a continuous decrease in polymer segment 
density. If the same particle is in collapsed state it will display a sharp decrease in polymer 
segment density and an increased dimension of the dense central area.3 
 
Figure 4.1: Schematic depiction of a microgel, the radii obtainable by SANS and the resulting density 
profile. 
The structure of a microgel particle is influenced by the cross-linker density and the 
kinetics of the polymerisation reaction of the particle. More precisely, the thickness and 
fuzziness of the fuzzy layer and dimension of Rbox depend on cross-linker density and the 
kinetics of the polymerisation.3,4,6 
The swelling state and the structure of a particle are in close relation. Thus, the structure 
of a microgel is indirectly influenced by monomer structure, monomer composition and other 
parameters which influence the swelling state.7,8 Also, the architecture of the particle has 
influence on the structure of a particle. The core inside a core-shell particle can e.g. be 
compressed by the shell, but a copolymer of similar composition experiences no restriction.5,7 
The swelling behaviour of the uncross-linked PDEAAM homopolymer in water/methanol 
mixtures as compared to PNIPAM was discussed by Maeda et al.9 
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Neutron spin echo (NSE) spectroscopy is a technique to detect directly energy changes of 
a neutron due to scattering. It provides the highest energy resolution in neutron scattering and 
thus gives access to dynamic processes on the nanometre and nanosecond length- and 
timescale. Different polymer particles have been studied with NSE before, for example 
polystyrene-core-PNIPAM-shell particles10 or biological polyelectrolyte particles.11 
Two types of dynamics can be observed with NSE on a local scale in microgel systems. 
For high density microgels, collective network fluctuations can be observed which exhibit a 
q2-dependence.12-,15 For microgels with lower density, single chain Zimm dynamics, as 
described by Kanaya, with a q3-dependence are observed.14 
PNIPAM microgels with different cross-linker densities were studied by Hellweg and co-
workers.16 A high microgel concentration of 10 wt % in the sample was chosen in order to 
avoid translatorial diffusion of the microgels. The intermediate scattering functions of the 
concentrated PNIPAM samples were treated as ensemble averaged.16 Hellweg et al. found 
that the collective diffusion (DC) inside the microgel network decreases significantly with 
increasing cross-linker concentration. This decrease follows a linear trend for lower cross-
linker concentrations (1 - 5 %) and a non-linear trend for higher cross-linker concentrations 
(10 %, 15 %).16 
In the analysis of dynamics of microgels, static inhomogeneities may need to be 
considered. Static inhomogeneities have already been observed in macrogels.17 Upon heating, 
macrogels which are prepared at room temperature, collapse. The gel is no longer in its state 
of preparation and is deformed. The inhomogeneous distribution of cross-link points in the 
deformed gel results in an additional scattering contribution.17 In the case of microgels this 
deformation occurs in the swollen state as they are prepared in collapsed state. Which kind of 
dynamics can be found in microgels is therefore also dependent on its swelling state.7 
Moreover, the stiffness of the polymer chains can have some influence.18 
The cononsolvency effect allows studying microgels in different swelling states at the 
same temperature. In a MeOD/D2O mixture with a molar fraction of methanol xMeOD = 0.2 
PNIPAM microgels collapse at room temperature, whereas the PDEAAM microgel stays in 
the swollen state.7 At 10 °C the PNIPAM partially collapses but PDEAAM is swollen. 
First, particles with similar cross-link density but in different swelling states will be 
discussed concerning their structure and their chain and network dynamics. 
Also, the influence of the architecture is studied by SANS and NSE. This is possible 
because neutrons are able to penetrate the polymer particle. It is thus possible to determine the 
structural state of a core inside a core-shell particle. 
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4.2 Theory and data analyses 
In most parts theory is described as provided by Dr. Simona Maccarrone in 
“Macromolecules, 2014, Vol. 47, No 17, pages 5982-5988”. There were some minor changes 
as compared to the original text in the publication mentioned. 
4.2.1 Small angle neutron scattering 
SANS experiments yield information about an intensity distribution I(q) in reciprocal 
space as a function of momentum transfer (absolute value of scattering vector q). For mono-
disperse, spherical particles in dispersion I(q) is given as: 
)()()( 22 qSqPVnqI polyρ∆=                                             4.1) 
with n: the number density of the microgel particles, Vpoly: the volume of the polymer in a 
particle, and ∆ρ: the difference in the scattering-length density of the polymer and the solvent 
mixture also known as the contrast. P(q) is the form factor, with P(q) = 1 for q → 0. S(q) is 
the structure factor that expresses the interaction between the particles. With a sufficiently 
low concentration (here 0.2 wt %) the interaction among the microgel particles is negligible 
and S(q) = 1 can be assumed.19 
For a homogeneous spherical particle of radius R the form factor results as: 
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As already mentioned, microgel particles do not exhibit a homogeneous polymer 
(segment) density throughout the particle.3 As a result from the polymerization kinetics a 
higher degree of polymer density is expected close to the centre of the particle.5,6 The 
fuzziness of the particle surface can be accounted for by convoluting the radial box profile 
with a Gaussian decay. In reciprocal space the convolution is just a product yielding the form 
factor Pinho(q). Pinho(q) describes scattering from a monodisperse sphere with an interface that 
gradually decreases in density at the sphere surface as an error function: 
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Like mentioned in the introduction, the polymer density of the particle is characterised by 
the radius of the dense “core” (higher degree of cross-linking) Rbox, the half width radius R, 
the thickness of the fuzzy layer σsurf and RSANS. 
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We assume the number distribution with respect to the particle radius R to be a Gaussian 
function to consider size polydispersity of the particles: 
( ) ( )
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with ‹R› describing the average particle radius and σpoly denoting the relative particle size 
polydispersity. 
In order to describe the scattering contributions arising from fluctuations of the microgel 
network a Lorentzian function is added to the model expression: 
221
)0()(
q
I
qI fluctfluct ξ+=                                                            4.5) 
where the ensemble average correlation length in the network is described by ξ and the 
intensity arising from fluctuations for q → 0 by Ifluct(0). Finally, a constant background 
constback is added to account for residual incoherent scattering from the solvent. 
Experimental SANS data are always smeared by the instrument since a distribution of 
radiation with momentum transfer q around the nominal momentum transfer ‹q› contributes. 
The distribution is due to the finite collimation of the beam-line, the wavelength spread of the 
incoming neutrons, and the finite spatial resolution of the detector. This effect is corrected 
including the function R(q,‹q›) as explained in more details in literature.20 
Finally, after incorporating all contributions the complete intensity distribution can be 
written as:3 
( ) ( ) ( ) ( )
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Comparable to the relative radius discussed in chapter 3, the solvent dependent change of 
the size is described by the ratio: 
CODSANS
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relSANS R
RR
°−
−
=
50
,
2
                                                       4.7) 
Thus, the different microgels and their behaviour in mixtures can be compared more 
easily. The scattering intensity was measured over a broad range of momentum transfer q and 
analyzed with form factor models developed previously.3,4 
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4.2.2 Neutron spin echo 
Neutron spin echo (NSE) measures the intermediate scattering function S(q,t) which is the 
Fourier transform of the spectral function S(q,ω). It is in general displayed in normalized form 
S(q,t)/S(q,0). 
NSE experiments are intended to probe dynamic processes in the order of several 
nanoseconds on the nanometre length scale. More specifically for microgels, it is possible to 
observe collective network motions at the lowest q-values as well as local polymer segment 
relaxations for the highest q-values. On large length scales, a q2-dependent dynamics due to 
the collective diffusion modes can be observed. Moreover, there is a dynamic cross over to a 
q3-dependent Zimm-like dynamics, when the probed length scale is approximately smaller 
than the average distance between cross-links in the microgel.15,16 
At higher cross-link densities, when the observed length scale probes the mesh of the 
network, collective diffusion (Dc) with a q2-dependent rate and a simple exponential decay as 
well as the translatorial diffusion (Dtd) of the entire microgel is expected. Both are accounted 
for with the multiplicative first exponential function:15,16,21 
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The Zimm model22 for the segmental dynamics of polymers in solution is used to fit the 
data for the highest q-values. The dynamics of a Gaussian chain are described in terms of a 
bead spring model. The Zimm model adds however, the hydrodynamic interaction between 
the chain segments in terms of a simple Oseen tensor approach.22 On the proper time and 
length scales for the scattering function of flexible polymers in solution it provides a near 
quantitative description. The only free parameter in this model is the solvent viscosity. The 
internal motions including rotational diffusion of a finite chain consisting of N beads 
connected by entropic springs with a uniform bead distance l are described by relaxation 
modes with mode number p and characteristic times τp: 
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inserting ν = 0.5, S(q,t) is computed for a Gaussian chain: 
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The centre-of-mass diffusion assuming a Gaussian chain in a Θ-solvent is:22 
ηe
B
CM R
TkD 196.0=
                                                         4.12) 
For a good solvent the pre-factor is 0.203 instead of 0.196. 
Here no free polymers in solution but microgels are discussed. Thus, the centre-of-mass 
diffusion coefficient will be the one for the entire particle as obtained by DLS. The q-values 
accessible in DLS are sufficiently low such that internal modes do not contribute to the decay 
of the correlation function.23 Moreover, for the same reason, the polymer segments are not 
free in solution but attached to the cross-linkers, the odd p modes are not possible in the 
Zimm model and the summation in eq. 4.11 is made only on even p-values. In eqs. 4.9 and 
4.11, Re corresponds to the mesh size of the polymer network. The maximal number of modes 
pmax was set to 20. Further increase of the number pmax did not change the results; higher 
modes do not contribute to the dynamics. 
In our NSE experiment we probe length scales in the range of several nm; local segment 
dynamics are probed for the highest q-values. For the smallest q NSE is sensitive to the gel-
like concentration fluctuations.17,24 A collapsed microgel can be compared with a hard sphere; 
the scattered signal should therefore be dominated by translational diffusion. In contrast to 
that, swollen microgels have sponge like morphology and inner dynamics should be visible. 
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4.3 Results and discussion 
SANS measurements from PNIPAM, PDEAAM, PDEAAM-core-PNIPAM-shell, 
PNIPAM-core-PDEAAM-shell and P(NIPAM-co-DEAAM)53 in different MeOD/D2O 
mixtures will be discussed. Measurements were taken at the D11 located at the ILL in 
Grenoble, France. 
The dynamics of PNIPAM, PDEAAM, PDEAAM-core-PNIPAM-shell, PNIPAM-core-
PDEAAM-shell and P(NIPAM-co-DEAAM)53 in a MeOD/D2O mixture with xMeOD = 0.2 
molar methanol-d4 fraction has been studied at 10 °C. The J-NSE spectrometer at the FRM II 
research reactor in Garching, Germany25 and the IN15 at the ILL in Grenoble, France were 
used. 
4.3.1 Structure and dynamics at different swelling states 
The swelling state of the different polymer microgels depends on the distinct composition 
of the solvent mixtures. In the cononsolvent mixture with xMeOH = 0.2 and at 10 °C the 
PDEAAM microgel is swollen and the PNIPAM microgel is neither completely swollen nor 
completely collapsed. This is also the case in the deuterated solvent mixture with xMeOD = 0.2. 
The different swelling states have in turn influence on the chain and network dynamics inside 
the particles. 
4.3.1.1 Swelling degree determined from DLS 
Temperature dependent DLS measurements show that PNIPAM as well as PDEAAM 
reach a plateau radius in the xMeOD = 0.2 mixture above their phase transition temperature 
(PTT). The particle volume corresponding to this plateau radius is called particle plateau 
volume in the following. In the solvent mixture with xMeOD = 0.2, the particles show bigger 
plateau radii than the completely collapsed particles in pure D2O above their PTT. 
Hydrodynamic radii of PNIPAM and PDEAAM in D2O and in the mixture at 10 °C and at 
50 °C are given in Table 4.1. The data show that the particles do not reach the complete 
collapsed state in mixtures even at temperature far above the VPTT. 
Table 4.1: Hydrodynamic radii (Rh in nm) of PNIPAM and PDEAAM in the solvent mixture with 
xMeOD = 0.2 and in D2O at 10 °C and at 50 °C 
 PNIPAM  PDEAAM  
 10 °C 50 °C 10 °C 50 °C 
Rh in D2O [nm] 81.1±2.1 39.1±0.4 92.9±5.6 40.6±0.2 
Rh in xMeOD = 0.2 [nm] 57.1±2.4 40.0±1.6 87.1±3.8 53.5±1.9 
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A good measure for the swelling state is the degree of swelling, which is determined from 
the volume of the microgel at a given state divided by the volume at reference (collapsed) 
state. At preparation state the network chains are relaxed and inhomogeneities are negligible. 
Thus preparation state of the microgels, at high temperature in water, is the reference state. 
The swelling degree Q is calculated as: 
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Thus, the complete microgel collapse would result in a Q–value close to 1. Comparison of Q 
in different solvents can be found in Table 4.2. 
Table 4.2: Swelling degree Q of PNIPAM and PDEAAM in solvent mixture xMeOD = 0.2 and in D2O at 
10 °C 
 PNIPAM PDEAAM 
D2O at 10 °C 8.92±0.24 11.99±0.72 
xMeOD = 0.2 at 10 °C 3.13±0.13 9.87±0.43 
xMeOD = 0.2 at 50 °C 1.07±0.04 2.29±0.08 
In D2O at 10 °C both microgels are swollen. This is supported by the big Qs of ~ 9 and 
~ 12 respectively.  
In the solvent mixture at 10 °C Q of PNIPAM is 3.1, and therefore less than half the Q -
 value in D2O at 10 °C (Q = 8.9). Comparing the particle plateau volume of PNIPAM in the 
solvent mixture at 50 °C to the particle plateau volume in D2O at 50°C results a Q = 1.07. 
This means the particle plateau volume PNIPAM has in the solvent mixture at high 
temperature is slightly bigger compared to the particle plateau volume PNIPAM has in D2O at 
high temperature. This bigger plateau volume in the solvent mixture suggests that the particle 
polymer network contains slightly more solvent in the solvent mixture than in D2O at high 
temperature. If the particle plateau volume in the solvent mixture at 50 °C is taken as 
reference value and is compared to the particle volume in the solvent mixture at 10 °C a value 
of 2.92±0.12 results. This value supports that PNIPAM is not completely collapsed in the 
solvent mixture at 10 °C. 
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PDEAAM exhibits only a slight decrease in volume in the mixture at 10 °C, according to 
the corresponding Q – value. The particle plateau volume PDEAAM has in the solvent 
mixture is bigger than the particle plateau volume in D2O at high temperature. This was also 
observed for PNIPAM. However, the Q value of PDEAAM at 50 °C in the solvent mixture is 
with Q = 2.92 much bigger compared to PNIPAM (1.07). Also, comparison of the volume of 
PDEAAM in the solvent mixture at 10 °C with the plateau volume in the solvent mixture at 
50 °C yields 4.32±0.19. These high values indicate that there is a significant amount of 
solvent inside the PDEAAM particle at low (10 °C) as well as at high (50 °C) temperature if 
the microgel is dispersed in the solvent mixture. According to Q PDEAAM is fully swollen in 
the mixture at 10 °C. 
 - 103 - 
4.3.1.2 Structure of microgels at different swelling states 
The scattering curves for PNIPAM in D2O at 10 °C, in solvent mixture with xMeOD = 0.2 at 
10 °C and in D2O at 50 °C are shown in Figure 4.2a. Scattering curves in MeOD and in 
xMeOD = 0.35 and 0.5 can be found in chapter 7.5 (appendix). The scattering curve of 
PNIPAM in D2O at 10 °C (blue symbols) has a rather undefined minimum. However, at 
50 °C in D2O (red symbols) the minimum is shifted to higher q-values and is much more 
pronounced. This suggests that PNIPAM is in swollen state at 10 °C in D2O and in collapsed 
state at 50 °C in D2O. This is in agreement with the DLS results. 
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Figure 4.2: (a) Scattering curves and (b) density profiles of PNIPAM in D2O (blue) and in solvent mixture 
with xMeOD = 0.2 (ochre) at 10 °C and in D2O at 50 °C (red). 
In the mixture the structure of the PNIPAM microgel is different than in the pure solvent. 
The scattering curve from PNIPAM in xMeOD = 0.2 (ochre symbols) resembles more to the 
one in D2O at 50 °C than to the one in D2O at 10 °C. This implies that the particle structure is 
not completely rigid like one would expect for a completely collapsed particle3; but it is also 
not very porous as expected when the microgel is fully swollen. The form factor fits of the 
SANS data gave reasonable results which are shown in the subsequent section. Density 
profiles in Figure 4.2b represent the different polymer densities in D2O at 10 °C and 50 °C 
and in the xMeOD = 0.2 solvent mixture at 10 °C. Polymer density is higher in the xMeOD = 0.2 
mixture than in D2O at 10 °C. 
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Figure 4.3: (a) Scattering curves and (b) density profiles of PDEAAM in D2O (blue) and in solvent mixture 
xMeOD = 0.2 (ochre) at 10 °C and in D2O at 50 °C (red). 
Scattering curves for PDEAAM in D2O (blue symbols) and in the xMeOD = 0.2 solvent 
mixture (ochre symbols) differ hardly, like shown in Figure 4.3a. The two form factor curves 
almost superimpose. The form factor minima in D2O as well as in the mixture at 10 °C are not 
very pronounced. This means similar and also porous structures for the PDEAAM particle in 
these two solvents at 10 °C. The structure of the PDEAAM microgels in D2O at 50 °C (red 
symbols) however has to be rigid (collapsed). This is implied by the corresponding scatting 
curve: a pronounced minimum and a steep slope at intermediate q are visible. Form factor fits 
suggest that σsurf is slightly different in D2O and the xMeOD = 0.2 solvent mixture at 10 °C; the 
radius R stays nearly constant. This is reflected by the density profiles shown in Figure 4.3b. 
The PDEAAM polymer volume changes only slightly and smooth decay of polymer density 
is found in D2O as well as in the xMeOD = 0.2 solvent mixture at 10 °C. The density profile 
representing PDEAAM in D2O at 50 °C corresponds to a box-profile; this reflects the rigid 
structure of the collapsed PDEAAM microgel. 
Like predictable from their phase behaviour in MeOH/water mixtures the structure of the 
copolymers was also affected. How much they were affected was, like in the case of phase 
behaviour, dependent on the DEAAM content in the microgel. This could be a hint for the 
higher affinity of PDEAAM units inside the polymer to MeOD. SANS data of P(NIPAM-co-
DEAAM)53 are discussed in chapter 4.3.2. SANS data of other copolymers can be found in 
chapter 7.5 (appendix). 
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4.3.1.3 Comparison of form factor-fit results 
The change of the relative radii RSANS,rel of the studied microgels is depicted in Figure 4.4. 
RSANS,rel is defined comparable to equation 3.8) in chapter 3.1.5.3 
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                                            4.7) 
The results agree nicely with the DLS data. (See reference 29 and chapter 7.5 in the 
appendix for scattering curves and form factor fit results). 
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Figure 4.4: Relative radii RSANS,rel, of PNIPAM and PDEAAM in different methanol-d4/deuterium oxide 
mixtures at 10 °C. The dashed lines are guides to the eye. 
For PNIPAM the size decreasing effect due to cononsolvency is strongest at a molar 
methanol-d4 fraction of xMeOD = 0.2. The σsurf value of PNIPAM shows a similar dependency 
on the solvent composition as the radius RSANS. It has a minimum at xMeOD = 0.2 and the value 
of σsurf is small indicating that the surface chains are collapsed. However, the radius and σsurf 
of PDEAAM hardly change with the methanol content. The values of PDEAAM in D2O and 
MeOD are similar but the radius in MeOD is slightly bigger indicating MeOD is the better 
solvent. The slight decrease in radius of PDEAAM with increasing methanol fraction as 
shown with DLS experiments cannot be confirmed by SANS. In all studied mixtures and in 
MeOD the radii of PDEAAM particles change only slightly compared to D2O. Within the 
error, RSANS stays nearly constant. Table 4.3 summarizes the values from the form-factor fits 
of PNIPAM and PDEAAM in D2O at 10 and 50 °C and in xMeOD = 0.2 at 10 °C. 
The hydrodynamic radii Rh detected by DLS (see Table 4.1) are bigger compared to RSANS 
for both particles. SANS is less sensitive to dangling chains on the particle surface than DLS.4 
It is known that the radii determined by SANS are in general smaller than the ones determined 
by dynamic light scattering.2 
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Table 4.3: RSANS and σsurf of PNIPAM and PDEAAM in D2O at 10 °C and at 50 °C and in the solvent 
mixture with xMeOD = 0.2 at 10 °C. 
 PNIPAM PDEAAM 
 RSANS [nm] σsurf [nm] RSANS [nm] σsurf [nm] 
D2O at 10 °C 64.0±5.8 12.5±1.1 61.5±5.5 11.1±1.0 
xMeOD = 0.2 at 10 °C 38.5±3.5 4.5±0.4 64.5±5.8 12.0±1.1 
D2O at 50 °C 30.4±2.7 2.1±0.2 32.2±2.9 0.5±0.04 
Also the swelling degrees determined from SANS fits provide valuable information on the 
particle swelling state. The contribution of the dangling chains at the particle surface to the 
overall particle size can be estimated by comparing Q and QSANS. The later is calculated as: 
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RSANS and σsurf of PNIPAM and PDEAAM in D2O at 10 °C and 50 °C were deduced from 
form factor fits of the corresponding SANS scattering curves and are listed in Table 4.3. The 
QSANS - values in D2O at 10 °C for both microgels are also in the range of swollen microgels, 
like the Q - values deduced from DLS. QSANS values are given in Table 4.4. 
Table 4.4: Swelling degree QSANS of PNIPAM and PDEAAM in xMeOD = 0.2 mixture and in D2O at 10 °C 
 PNIPAM PDEAAM 
D2O at 10 °C 9.33±0.84 6.97±0.63 
xMeOD = 0.2 at 10 °C 2.03±0.18 8.04±0.72 
 
The swelling degree of PNIPAM in the solvent mixture at 10 °C determined by SANS is 
with QSANS = 2 significantly smaller than the corresponding Q –value from DLS (Q = 3.1). 
The discrepancy between Q and QSANS suggests that there are some dangling chains on the 
particle surface. This is another hint that PNIPAM is not completely collapsed in the solvent 
mixture at 10 °C. 
PDEAAM exhibits a slight volume increase in the solvent mixture at 10 °C as compared 
to D2O according to QSANS. The value of QSANS = 8.04 in the mixture suggests a fully swollen 
microgel. 
Thus, the SANS results, Q- and QSANS-values and the density profiles show that the 
PNIPAM microgel is partially collapsed and the PDEAAM microgel is completely swollen. 
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4.3.1.4 Dynamics at different states of swelling 
The expected behaviour for a completely collapsed microgel particle should be similar to 
a hard sphere and therefore the scattered signal should be dominated by translational 
diffusion, as observed for the copolymer sample in the previous experiment (compare chapter 
4.3.2 and ref. 7). In the partially collapsed PNIPAM microgel, hydrodynamic interactions are 
found to play a role and can not be neglected in the description of the internal dynamics. 
Realistically, a significant amount of solvent is still present in the microgel particle. In 
Figure 4.5 we show the intermediate scattering functions S(q,t)/S(q,0) of partially collapsed 
PNIPAM for different q-values between 0.02 and 0.18 Å-1. 
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Figure 4.5: Intermediate scattering functions of partially collapsed PNIPAM microgels at 10 °C in 
xMeOD = 0.2 for different q-values. The solid lines are the fits according to the Zimm model 
and the dotted lines according to eq. 8. 
The dynamics for the two smallest q-values (0.02 and 0.05 Å-1) are best fitted by eq. 8. 
From the fit with a simple exponential decay we obtained a total diffusion coefficient (Dc+ 
Dtd) of 0.42±0.05 Å2 ns-1 and 0.44±0.02 Å2 ns-1 respectively. Subtracting Dtd = 1.8× 10-12 m2s-1 
as obtained from DLS,7 yields in a collective diffusion coefficient Dc of about 2.2 × 10-12 m2s-1. 
This value compares quite well with the one obtained by Cabarcos et al. (0.86 × 10-12 m2s-1). 
They considered a five times higher temperature and a two times smaller cross-linking density 
compared to the samples described here.26 
For q-values between 0.08 and 0.18 Å-1, the data are well described by the Zimm 
dynamics with polymer segments with fixed ends. Re is set to 7 nm as mesh size extracted 
from fit of SANS intensity. The diffusion coefficient was set to 1.8 × 10-12 m2s-1 as obtained 
from DLS measurements.18 The only free parameter is the viscosity η of the solvent mixture 
MeOD/D2O. From a simultaneous fit of the data, we obtained 23.2±0.3 mPas, seven times 
higher than the one measured by capillary viscosimetry (3.17±0.1 mPas). We can explain this 
as an effective increase of the viscosity. In collapsed particles, all polymer chains are very 
close compacted and rather move in a medium made up of “solvent + other chains”. 
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Figure 4.6: Intermediate scattering functions of swollen PDEAAM at 10 °C xMeOD = 0.2 for different q-
values. The straight lines are the fitting curves with the Zimm model. 
Figure 4.6 displays the intermediate scattering functions S(q,t)/S(q,0) of swollen 
PDEAAM for different q-values between 0.02 and 0.18 Å-1. The entire set of the curves was 
fitted with the Zimm model. Re is set to 10 nm as mesh size extracted from fit of SANS 
intensity. The free parameters are the centre-of-mass diffusion coefficient DCM and the 
viscosity η. On the contrary to the partially collapsed microgel, fixing the value of DCM as 
obtained from dynamic light scattering (DLS) measurements did not produce reasonable fit 
results. From a simultaneous fit of the data, we obtained 1.025±0.008 × 10-11 m2s-1 for DCM and 
7.8±0.2 mPas for the viscosity. The DCM value is about two and half times smaller compared 
to the DCM for a free chain of 10 nm length calculated via eq.12 (2.5 × 10-11 m2s-1); the 
viscosity is more than twice the one measured for the solvent mixture. The smaller diffusion 
coefficient suggests that an additional contribution to the dynamics has to be taken into 
account. It is plausible that the translational diffusion of cross-linkers is visible. In the swollen 
state they have enough space to move compared to the collapsed state. On the other hand, the 
higher viscosity could be a signature of static inhomogeneities as observed previously.7,17,27,28 
Since our microgels are synthesized in the collapsed state, the swelling causes stretching of 
the polymer chains with some polydispersity.29 
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4.3.1.5 Discussion of different swelling states 
Different swelling states can be achieved at the same temperature for different microgels 
with help of cononsolvency. This can clearly be deduced from DLS and SANS. The volume 
and therefore the structure of PNIPAM are influenced by the MeOD/D2O composition. At 
10 °C the most rigid structure is found in xMeOD = 0.2. In MeOD and D2O the PNIPAM 
particle has the most porous structure. This is in agreement with DLS measurements. 
The structure of PDEAAM is hardly influenced by the solvent composition. However in 
methanol-rich solvents a slightly bigger radius is found compared to D2O. This supports that 
methanol has a high affinity towards PDEAAM. 
Dynamics at different swelling states can be clearly distinguished by NSE. In a 
completely collapsed particle one would expect almost no network or chain motion. If the 
particle is little more swollen, like it is the case for the PNIPAM sample in xMeOD = 0.2 at 
10 °C, movement of chains and network needs to be taken into account. More solvent is in the 
particle as in completely collapsed state. It is possible to fit the scattering function with single 
exponential, a q2 -dependence occurs. 
In swollen state one needs also take the restricted movement of the network into account, 
resulting in a q2 and q3 -dependence which can be described with a stretched exponential 
modulated Zimm fit. The NSE data of the swollen PDEAAM sample decays much faster and 
with internal motion contributing to the signal as compared to the copolymer sample. This 
shows clearly that the PDEAAM sample is in swollen state. In an earlier approach the data 
were analyzed in terms of the model described in chapter 7.6 (appendix).7 
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4.3.2 Influence of particle architecture on structure and dynamics 
Here we focus on the comparison of microgels of different architecture in one mixture, 
namely xMeOD = 0.2 at 10 °C. The P(NIPAM-co-DEAAM)53 copolymer is compared to a 
PDEAAM-core-PNIPAM-shell and a PNIPAM-core-PDEAAM-shell microgel. SANS 
measurements of P(NIPAM-co-DEAAM)53, PDEAAM-core-PNIPAM-shell and PNIPAM-
core-PDEAAM-shell microgel in other mixtures can be found in the appendix. 
4.3.2.1 Influence of particle architecture on the inner structure 
Phase behaviour of microgels in D2O and in the mixture with xMeOD = 0.2. 
The phase behaviour of the copolymer P(NIPAM-co-DEAAM)53 in D2O and in the 
solvent mixture with xMeOD = 0.2 is displayed in Figure 4.7. In D2O the phase behaviour is 
similar to that in water. In the mixture Rh changes only slightly within the covered 
temperature range. Thus, the VPTT in the mixture is shifted to lower temperature compared to 
D2O; this is in agreement with phase behaviour in hydrated solvents and solvent mixtures 
(chapter 3). The plateau particle volume is bigger in the mixture than in D2O. 
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Figure 4.7: Rh(T) of P(NIPAM-co-DEAAM)53 in D2O (blue) and in the MeOD/D2O mixture with 
xMeOD = 0.2 (ochre). 
The PNIPAM-core-PDEAAM-shell particle is ~ 15 nm bigger than the neat PNIPAM-
core in collapsed state in pure water, as determined from DLS (chapter 3.2.5.1). The 
PDEAAM-core-PNIPAM-shell particle is about 22 nm bigger than the neat PDEAAM-core in 
collapsed state in pure water. Temperature dependent DLS measurements in D2O gave 
comparable values and trends as in water. This is shown in Figure 4.8. The neat PNIPAM-
core (Figure 4.8a, blue) collapses at 33 °C whereas the PNIPAM-core-PDEAAM-shell (blue-
red) particle displays a more continuous phase transition around 26 °C. The core is constricted 
by the shell in the temperature range between 26 °C and 35 °C. Comparable phase behaviour 
of core-shell particles was described earlier.4,5 Above 40 °C, i.e. in collapsed state, the 
PNIPAM-core-PDEAAM-shell particle is roughly 8 nm bigger in radius than the neat 
PNIPAM-core. 
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The neat PDEAAM-core (Figure 4.8b, red) experiences continuous phase transition 
around 26 °C. The PDEAAM-core-PNIPAM-shell (red-blue) particle shows a sharper phase 
transition at 33 °C and a radius which is ~ 20 nm bigger in collapsed state than the neat 
PDEAAM-core particle in collapsed state. At 10 °C in D2O all microgels shown are swollen. 
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Figure 4.8: Rh(T) of core and corresponding core-shell particle in D2O (a) neat PNIPAM-core (blue) and 
PNIPAM-core-PDEEAM-shell (blue-red) (b) neat PDEAAM-core (red) and PDEAAM-core-
PNIPAM-shell (red-blue). 
Figure 4.9 shows the phase behaviour in the cononsolvent mixture with xMeOD = 0.2 of the 
core-shell particles compared to the corresponding core. The neat PNIPAM-core displays a 
transition which is quite sharp in direct comparison to the phase transition of the PNIPAM-
core-PDEAAM-shell particle. It is visible in Figure 4.9a that the decrease in radius of the 
PNIPAM-core-PDEAAM-shell particle is also relatively sharp at temperature below 15 °C. 
Above 15 °C however the PNIPAM core inside the PNIPAM-core-PDEAAM-shell particle is 
probably collapsed. Thus, phase behaviour of the PDEAAM-shell becomes dominant above 
15 °C and a more continuous transition is found. 
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Figure 4.9: Rh(T) of core and corresponding core-shell particle in xMeOD = 0.2. (a) PNIPAM-core (blue) 
and PNIPAM-core-PDEEAM-shell (blue-red) (b) PDEAAM-core (red) and PDEAAM-core-
PNIPAM-shell (red-blue). 
In the xMeOD = 0.2 mixture the PNIPAM-shell of the PDEAAM-core-PNIPAM-shell 
microgel has a decreased VPTT (~ 9 °C) because of the cononsolvency effect. This is shown 
in Figure 4.9b Thus, in the mixture, the PNIPAM-shell is already in collapsed state at 
a 
b 
a 
b 
 - 112 - 
temperatures where the PDEAAM-core is still swollen. The PNIPAM-shell compresses the 
PDEAAM-core. In D2O PDEAAM has a lower VPTT than PNIPAM, but in xMeOD = 0.2 
PNIPAM has the lower VPTT. The PDEAAM-core-PNIPAM-shell particle is thus not fully 
swollen in the covered temperature range. The phase transition of the PDEAAM-core-
PNIPAM-shell particle is clearly dominated by the PNIPAM-shell. 
Structure in D2O and the solvent mixture as determined by SANS 
Figure 4.10a shows scattering curves of the P(NIPAM-co-DEAAM)53-copolymer in D2O 
and in xMeOD = 0.2. In xMeOD = 0.2 (ochre) there is a well defined form factor minimum and a 
steep slope is found at intermediate q indicating that collapsed particles with a sharply defined 
surface are present at this solvent composition. In D2O (blue) P(NIPAM-co-DEAAM)53 is in 
swollen state, which can be deduced from the smeared form-factor minimum and the less 
steep slope at intermediate q. 
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Figure 4.10: (a) Scattering curves and (b) density profiles of P(NIPAM-co-DEAAM)53 in D2O (blue) and 
in xMeOD = 0.2 (ochre). 
The density profiles in Figure 4.10b show that the copolymer microgel has high polymer 
density in xMeOD = 0.2. Moreover, density decreases sharply in the mixture. P(NIPAM-co-
DEAAM)53 has however a low polymer density and a smoothly decreasing density profile in 
D2O. 
SANS confirmed that both core-shell particles as well as the neat cores are swollen in 
D2O at 10 °C (see chapters 4.3.1 and 7.5). In Figure 4.11 SANS measurements of neat core 
and corresponding core-shell particles in xMeOD = 0.2 and at 10 °C are shown. Symbols depict 
the measured data while the solid lines represent the form-factor fits done with the appropriate 
models.4,5 
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Figure 4.11: Scattering curves of neat core and corresponding core-shell particle in cononsolvent mixture 
xMeOH = 0.2 at 10 °C (a): PNIPAM (blue) and PNIPAM-core-PDEAAM-shell microgel (blue-
red); (b): PDEAAM (red) and PDEAAM-core-PNIPAM-shell microgel (red-blue). 
Figure 4.11a displays the form-factor curves of the neat PNIPAM-core (blue) and the 
corresponding PNIPAM-core-PDEAAM-shell microgel (blue-red). The form-factor minimum 
of the PNIPAM-core-PDEAAM-shell microgel is shifted to lower q-values compared to the 
one of the neat PNIPAM-core. Thus, the radius of the core-shell particle must be bigger than 
the radius of the PNIPAM-core.2,5 Another result is that the form-factor minimum of the 
PNIPAM-core-PDEAAM-shell particle is less sharp compared to the first form-factor 
minimum of the neat PNIPAM-core. This means that the surface of the PNIPAM-core-
PDEAAM-shell particle has a more porous structure than the surface of the PNIPAM-core. 
The form factor minimum of the scattering curve from neat PDEAAM-core in 
Figure 4.11b (red) is quite smeared in contrast to the form factor minimum belonging to 
PDEAAM-core-PNIPAM-shell particle (red-blue). According to this, the PDEAAM-core has 
a more porous structure than the PDEAAM-core-PNIPAM-shell particle. The form-factor 
minimum of the later is shifted to significantly lower q-values. This means the PDEAAM-
core-PNIPAM-shell particle has a bigger radius than the PDEAAM-core. 
To get a quantitative description of the core-shell microgels the data were fitted with an 
appropriate model described in detail before.4,5 The form-factor-fits support the findings from 
the qualitative analysis of the scattering curves. From the data received from the form factor 
fits density profiles were calculated. Figure 4.12 illustrates comparison of density profiles of 
neat cores and corresponding core-shell particles in xMeOD = 0.2 at 10 °C.  
The neat PNIPAM particle is in partially collapsed state in this mixture; its density profile 
is represented by the dashed black line in Figure 4.12a. A quite high polymer density and its 
steep decay are visible. Inside the core-shell particle the shape of the PNIPAM-core density 
profile (solid black line) has changed. The polymer density as well as RSANS of the neat core is 
increased inside the PNIPAM-core-PDEAAM-shell particle compared to the neat PNIPAM-
core. This could be due to the shell, which interpenetrates the core and compresses it a little. 
a b 
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The density profile of the neat PDEAAM-core in xMeOD = 0.2 is typical for a swollen 
particle; it is shown in Figure 4.12 b as black dashed line. The PDEAAM-core inside the 
PDEAAM-core-PNIPAM-shell particle displays a denser structure with a steeper decay in 
polymer density. This is a result of the thick collapsed PNIPAM-shell which constricts the 
PDEAAM-core. 
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Figure 4.12: Comparison of density profiles of core and corresponding core-shell particle in xMeOD = 0.2 at 
10 °C. Solid lines represent the core-shell particles, the dashed line the cores (a): PNIPAM-
core and PNIPAM-core-PDEAAM-shell; (b): PDEAAM-core and PDEAAM-core-PNIPAM-
shell. 
The density profiles shown in Figure 4.13 describe polymer density distribution of 
PNIPAM-core-PDEAAM-shell particle (Figure 4.13a) and PDEAAM-core-PNIPAM-shell 
particle (Figure 4.13b) at 10 °C in D2O (blue) and in the cononsolvent mixture xMeOD = 0.2 
(ochre). From the SANS fits and the density profiles it can be assumed that in the mixture 
with xMeOD = 0.2 the PNIPAM-core inside the PNIPAAM-core-PDEAAM-shell microgel is 
partially collapsed. This is indicated by the sharper decrease of polymer density and increased 
radius of the dense centre, compared to the density distribution of the PNIPAM-core inside 
the PNIPAM-core-PDEAAM-shell particle in D2O. The PDEAAM-shell is swollen, which is 
indicated by the only slight change in polymer density distribution in xMeOD = 0.2 compared to 
density in D2O. 
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Figure 4.13: Density profiles in D2O (blue) and in the mixture xMeOD = 0.2 (ochre) at 10 °C, (a): PNIPAM-
core-PDEAAM-shell, (b): PDEAAM-core-PNIPAM-shell. 
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The shell of the PDEAAM-core-PNIPAM-shell particle is found to be collapsed (dense) in 
the mixture and the PDEAAM-core is swollen. In the mixture the density profile shows 
deceased fuzziness of the surfaces of both, shell and core. This is shown in Figure 4.13b. The 
PDEAAM-core radius only changes little while the dimension of the PNIPAM-shell is 
decreased drastically in comparison to the radii in D2O. The polymer density of core and shell 
is much higher in the mixture than in pure D2O. This can be attributed to the collapsed 
PNIPAM-shell; the collapsed PNIPAM-shell applies pressure on the soft and fuzzy 
PDEAAM-core.4,5 The PNIPAM-shell polymer chains are able to interpenetrate the 
PDEAAM core. 
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4.3.2.2 Influence of particle architecture to internal dynamics 
From SANS and DLS analysis it is known that P(NIPAM-co-DEAAM)53 is almost fully 
collapsed in xMeOD = 0.2 at 10 °C. Accordingly the P(NIPAM-co-DEAAM)53 sample showed 
a nearly pure elastic signal in the q-and time-window of the NSE experiment, like shown in 
Figure 4.14. The lowest q-value measured was 0.05 Å-1, shown in black; also 0.08 Å-1 (red) 
and 0.11 Å-1 (blue) were measured. 
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Figure 4.14: Intermediate scattering curves of P(NIPAM-co-DEAAM)53 in xMeOD = 0.2 at 10 °C. 
The graph in Figure 4.14 shows the experimental data (dots) with a simultaneous fit 
(dashed lines) of the three q-values with the intermediate scattering function 
))(exp()0,(
),( 2tqD
qS
tqS
MG−=
                                            4.15) 
with the diffusion constant DMG, the momentum transfer q and the Fourier time t. The 
diffusion constant DMG = (3.12 ± 0.7)× 10-12 m2s-1 is larger than deduced from DLS (Stokes-
Einstein diffusion coefficient D0 = 1.17 × 10-12 m2s-1 with Rh = 55.87 at 10 °C and in 
xMeOD = 0.2. This indicates that there is a small contribution from internal dynamics in 
addition to the translational particle diffusion. The NSE curves of P(NIPAM-co-DEAAM)53 
can be rationalized in terms of a rather solid particle which is in collapsed state and has a 
rather compact and dense structure. Nevertheless, it still contains a significant amount of 
solvent. This remaining solvent leads to the presence of some internal dynamics that would be 
missing in a completely rigid particle. 
The scattering that results from PDEAAM-core-PNIPAM-shell particle will have 
contributions from the collapsed PNIPAM-shell and from the swollen PDEAAM-core. In 
analogy to the partially collapsed, neat PNIPAM microgel only little internal segmental 
motion should be visible for the collapsed shell of the microgel. The collapsed PNIPAM-
shell, with a thickness of estimated 20 nm will contribute elastically to the signal. The 
contribution from the core should be comparable to the neat PDEAAM-core. However, the 
restriction from the PNIPAM-shell is expected to cause slightly different internal dynamics 
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compared to the neat PDEAAM-core. For the PDEAAM-core-PNIPAM-shell particle 
measurements at q = 0.05 Å-1 (black), q = 0.08 Å-1 (red), q = 0.11 Å-1 (blue) and q = 015 Å-1 
(green) were done. Measured data are shown in Figure 4.15. 
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Figure 4.15: Intermediate scattering functions of PDEAAM-core-PNIPAM-shell in xMeOD = 0.2 at 10 °C. 
Though there is a relativly thick (partially collpased) PNIPAM shell, the signal shows 
signifcantly faster decay than in the collapsed copolymer (or the PNIPAM, see Figure 4.5). In 
order to describe the polymer dynamics in this samples, the Zimm model for the segmental 
dynamics of polymers in solution could be taken as the simplest minimal approach. However, 
it was found that this approach can not describe the dynamics in the sample suficently. 
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Figure 4.16: Intermediate scattering curves of PNIPAM-core-PDEAAM-shell in xMeOD = 0.2 at 10 °C. 
For the PNIPAM-core-PDEAAM-shell particle intermediate scattering functions at 
q = 0.05 Å-1 (black), q = 0.08 Å-1 (red), q = 0.11 Å-1 (blue), q = 015 Å-1 (green) and  
q = 018 Å-1 (gray) were optained, displayed in Figure 4.16. In this case a (partially) collapsed 
PNIPAM-core and a swollen PDEAAM-shell can be estimated according to SANS. Thus the 
signal should contain elastical signal from the core and signal with network and chain motion 
from the shell. The fiiting and exact analysis of the core-shell microgels is in progess but not 
suffincently described so far. As it tured out intermediate scattering functions of core-shell 
microgels can not be described as simple additions of the two compartments. Reasonable 
fitting of these structures is challening but will be provided in near future. 
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4.3.2.3 Discussion on influence of architecture 
The P(NIPAM-co-DEAAM)53 particle is strongly influenced by the composition of the 
solvent. At 10 °C it experiences strongest collapse in xMeOD = 0.2, which is in agreement with 
DLS in xMeOD = 0.2. The slightly stronger collapse compared to PNIPAM is an indication for 
the synergistic interaction between DEAAM and NIPAM units.30  
From SANS measurements, the form factor fits and the corresponding density profiles it 
can be assumed that the PNIPAM-core in the PNIPAM-core-PDEAAM-shell particle is in 
partially collapsed state in the mixture at 10 °C. This can be deduced from the reduced σsurf 
and the higher Rbox compared to the values in D2O. 
The PDEAAM-shell in the PNIPAM-core-PDEAAM-shell particle has a fuzzy surface in 
the xMeOD = 0.2 mixture as well as in D2O at 10 °C according to SANS. Therefore the 
PDEAAM-shell is in swollen state at these conditions. The PDEAAM-core-PNIPAM-shell 
particle has, according to SANS measurements, the fits and the density profiles, a collapsed 
PNIPAM shell. The shell interpenetrates the fuzzier core and compresses it, which would 
explain the increased polymer density in core and shell in xMeOD = 0.2 compared to D2O at 
10 °C. 
In the collapsed P(NIPAM-co-DEAAM)53 copolymer particle almost no network or chain 
motion is detectable and the intermediate scattering function can be fitted with a single 
stretched exponential and DMG, the traslatorial diffusion of the microgel. This is agreement 
with the SANS and DLS results. 
The reason for the different behaviour of the PDEAAM-core inside the PDEAAM-core-
PNIPAM-shell particle and the neat PDEAAM-core might be related to confinement effects 
from the collapsed PNIPAM shell, which acts like a “corset” for the swollen core.5 The 
collapsed PNIPAM-shell restricts the swelling of the core as compared to the neat PDEAAM 
system. A similar increase of the relaxation rate of polymers under confinement has recently 
been observed for PEO polymers on clay platelets.31 However, further investigations are 
needed to clarify this point.  
Nevertheless, it can be stated that the architecture has major influence on the stucture and 
the dynamics of a microgel particle. Moreover, compartment restriced phase transition can be 
acieved in core-shell microgels with help of the cononsolvency effect. 
 - 119 - 
4.4 Conclusion 
The PDEAAM, the PNIPAM, the P(NIPAM-co-DEAAM)53, the PDEAAM-core-
PNIPAM-shell and the PNIPAM-core-PDEAAM shell microgels were investigated by means 
SANS in different methanol-d4/deuterium oxide (D2O) mixtures and NSE in the xMeOD = 0.2 
mixture at 10 °C. 
The particle size has a minimum at a methanol fraction of xMeOD = 0.2 according to SANS 
for all microgels. This is in agreement with literature reports on PNIPAM32-36 and DLS 
results. Further increase of the methanol fraction leads to re-swelling of the particle. The 
PDEAAM microgels hardly show a cononsolvency effect. The magnitude of the 
cononsolvency effect depends on the composition; NIPAM-rich copolymers collapse stronger 
than DEAAM-rich copolymers. This indicates the relevance of cooperativity in solvation as 
was pointed out by Tanaka et al.36,37 
The swelling state and therefore the structure of a microgel can be tuned with the help of 
cononsolvency. NSE revealed that there is significant amount of solvent inside the PNIPAM 
microgel in xMeOD = 0.2 at 10 °C. PNIPAM is neither fully swollen nor fully collapsed at these 
conditions. The inner dynamics of PNIPAM at this state show therefore collective network 
dynamics at low q-values (big length scale) and Zimm and segmental dynamics at higher q 
(shorter length scale). PDEAAM is fully swollen at the experimental conditions of the NSE 
experiment (in xMeOD = 0.2 at 10 °C). The dynamics inside the PDEAAM microgel can be 
described with the Zimm model. Since the particle is fully swollen the movement of the cross-
linker points need also to be taken in to account. The elevated viscosity that was found can be 
attributed to static inhomogeneities due to chain-length polydispersity. 
The different architecture of microgels as compared to linear macromolecules provides 
further opportunities to modify the solution behaviour. Most important is the possibility to 
prepare core-shell microgels. The cononsolvency effect can be limited to one compartment in 
core-shell microgels. SANS data show that core-shell microgels with a PDEAAM-core and 
PNIPAM-shell reveals a sharp surface at xMeOD = 0.2, i.e. the PNIPAM shell is collapsed and 
the PDEAAM core is swollen in the solvent mixture. The results demonstrate how responsive 
swelling properties of such polymers in solvent mixtures can be tuned via copolymerisation 
and microgel morphology. Moreover compartment restricted swelling provides new 
opportunities for encapsulation of guest molecules. 
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The dynamics of core-shell particles differ significantly from dynamics in copolymers 
with comparable monomer mass ratio in xMeOD = 0.2 at 10 °C. Moreover, neither dynamics of 
copolymers nor dynamics of core-shell particles can be described by forming a simple 
product of the homopolymers dynamics at similar conditions. For the copolymer this means 
that DEAAM and NIPAM units are in close proximity and the copolymer has no block-like 
structure. For the core-shell particles NSE results suggest that the two compartments are 
likely influenced by each other. This becomes obvious by comparing the NSE data of the 
homopolymer microgels with the data from the core-shell microgels. 
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Chapter 5: Kinetics of solvent induced microgel phase 
transition 
The experiments described in this chapter were planned with and had been carried out by Dr. 
D. Lugo, IPC RWTH Aachen as responsible person. The calculations were performed by P. 
Beumers from the LTT, RWTH Aachen. 
5.1 Introduction 
Drug delivery is an important application for microgels.1,2 It is therefore important to 
understand the transport processes in the microgel system upon phase transition. During phase 
transition from the swollen to the collapsed state, solvent is expelled from the microgel 
network. The time interval from the swollen to the collapsed state is connected to this solvent 
exchange. This time interval is also called swelling respectively de-swelling time τ and 
describes the time a microgel needs to swell or de-swell to the equilibrium state.3 Thus, τ 
describes the kinetics of the phase transition. Early studies on swelling/de-swelling kinetics of 
macrogels suggested that the swelling time is controlled mostly by the motion of the solvent 
molecules into the polymer network.3 This was based on the fact that porous macrogels swell 
faster than dense macrogels.3 
In 1979 Tanaka and Fillmore presented a combined theoretical/experimental study on the 
swelling kinetics of macrogels.4 They found that the swelling time τ is inversely proportional 
to the motion (diffusion coefficient) D of the polymer network. The swelling time τ is 
moreover proportional to R, the final radius of the gel sphere in swollen equilibrium:4 
D
R2
≈τ
                                                               5.1) 
Their theory, also known as the Tanaka-Fillmore-Theory, was in good agreement with 
their experimental data on the swelling of polyacrylamide gels in water. Subsequently, several 
studies on PNIPAM macrogels were published.5-9 
The phase transition of microgels is featured by a change of volume, comparable to 
macrogels. Therefore, the phase transition kinetics can be described by change of volume 
with time. Since microgels are spherical particles the change in volume is connected to the 
change in radius, like suggested in Figure 5.1.10 
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Figure 5.1: swelling and de-swelling of a microgel is associated with a characteristic time τ. 
The change of the radius with time and thus swelling and de-swelling kinetics of 
microgels was studied with several methods. 
PNIPAM microgels of varying size and cross-linker density were investigated by Wang 
et al. as well as Gan and Lyon.11,12 The temperature induced de-swelling of the microgel was 
followed by DSC or transmittance spectroscopy with visible light, respectively.11,12 The 
authors stated that the formation of a dense skin layer on the microgel surface at the early 
stages of the collapse is responsible for a retarded de-swelling compared to swelling.12 
Not only the temperature-induced de-swelling of PNIPAM microgels but also the pH-
induced de-swelling of poly(2-vinlypyridine)-based microgels was found to be retarded 
compared to the corresponding swelling process.13-15 The pH-jump necessary to collapse the 
microgels was accomplished with help of the so-called stopped-flow technique. 
A stopped-flow device can be combined with different analysis methods like 
turbidimetry,13,14 light-15, neutron-16 or X-ray16 scattering. Figure 5.2 depicts the schematic 
build-up of a stopped-flow device. Two liquids are filled into two syringes (here syringe 1 
and 2). By pushing up the syringes plungers the liquids flow (with flow F1 respectively F2) to 
the mixer (V). The mixture then flows to the observation chamber. Afterwards, the flow is 
automatically stopped by a so called hard-stop, placed on top of the observation chamber. A 
dead time which depends on the volume of the mixer and the flow of the two liquids has to be 
taken into account. The mixing ratio of the liquids can be controlled by software. 
 
Figure 5.2: Schematic view of a stopped-flow device. 
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Pure PNIPAM is not sensitive to pH but to the composition of a methanol/water mixture. 
Therefore, swelling and de-swelling can be achieved by changing the composition of the 
solvent mixture. Making use of the cononsolvency effect provides advantages to study the 
swelling/de-swelling kinetics of microgels. A PNIPAM microgel de-swells almost fully in a 
mixture with xMeOH = 0.2 at room temperature as it is known from dynamic light scattering 
(DLS) and small angle neutron scattering (SANS). Moreover, stopped-flow instruments 
provide a wide range of mixing ratios. 
The cononsolvency effect combined with the stopped-flow technique allows studying the 
solvent-induced phase transition from different starting points. In the case of PNIPAM the 
phase transition can either be induced by adding methanol to aqueous microgel dispersion or 
by adding water to methanol/PNIPAM dispersion. Figure 5.3 illustrates this. 
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Figure 5.3: Collapse can be induced by adding water to methanol/PNIPAM dispersion or by adding 
methanol to water/PNIPAM dispersion. The dashed lines are guides to the eye. 
Despite the many advantages of combining cononsolvency and the stopped-flow 
technique few subjects have to be considered. First, since two solvents are involved in the 
solvent-induced phase transition the solvent transport processes are more complicated than 
during the temperature-induced phase transition in a pure solvent. 
The size of the microgels has to be considered since the transition time τ is dependent on 
the equilibrium radius of the gels.4 On the one hand, the transition time of small microgels 
may be in the range of the dead time of the stopped-flow device. Therefore, microgels with a 
bigger radius are more suitable for studying kinetics with the stopped-flow method. On the 
other hand, the microgels should not exceed a certain radius to ensure unhindered flow inside 
the device. Finally, since PNIPAM microgels are thermosensitive it is important to control the 
temperature inside the observation cell of the stopped-flow device. This leads directly to the 
next issue: the thermodynamic properties of methanol/water mixtures. This point will be 
discussed more detailed in the following. 
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5.2 Thermodynamics of water/methanol mixtures 
The thermodynamic properties of water/methanol mixtures show anomalous 
behaviour.17-20
 
The excess enthalpy of mixing17,20 is very important for studying the transition 
kinetics of PNIPAM microgels because it has influence on the temperature of the mixture. 
The excess enthalpy of mixing is negative for mixtures of water and methanol. It has a 
minimum for mixtures with ~ xMeOH = 0.20 – 0.40. The exact position of the minimum 
depends on the temperature of the system. Figure 5.4 visualizes the enthalpy of mixing of 
different mixtures at several temperatures.17 
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Figure 5.4: Enthalpies of mixing for water and methanol at five temperatures, taken from ref. 17. 
The strongly negative enthalpy of mixing results in a temperature rise when water and 
methanol are mixed. The magnitude of temperature increase upon mixing inside the 
measuring cell of the stopped-flow device was estimated numerically.21 The solvent-induced 
phase transition of PNIPAM was considered an adiabatic mixing without friction. This is 
possible due to the extremely short time in which the phase transition process is measured. It 
was moreover assumed that all heat energy is released to the mixture. It was found that the 
temperature in the cell will increase ~ 10 K if methanol and water are mixed to result a 
mixture with xMeOH = 0.2. This temperature jump was also studied experimentally.22 The 
stopped-flow cell was tempered to 10 °C by an external cryostat. The temperature inside the 
cell was measured with a Pt100 cable sensor connected to a digital thermometer. The change 
of temperature inside the stopped-flow cell for a jump from pure methanol to xMeOH = 0.2 is 
displayed in Figure 5.5a.22 
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Figure 5.5: (a): Temperature change vs. time inside the cell upon mixing with a final methanol fraction of 
xMeOH = 0.2. (b): Temperature change in dependence of final mixing ratio. Data are taken 
from ref. 23. 
The change of temperature was measured for several methanol fractions of the readily 
mixed solvent. The results were compared with the numerical estimation. Theory and 
experiment agree well, like shown in Figure 5.5b.22 
These findings raise the question whether the initial collapse of the microgel is induced by 
cononsolvency or the temperature increase in the cell.23 To ensure that the initial collapse is 
induced by cononsolvency one needs to avoid this problem. One possibility would be to 
ensure that the temperature inside the stopped-flow cell does not exceed a critical value 
(~ 15 °C). This is however hardly possible without increasing the complexity of the 
experimental setup. A much easier way is to adapt the starting conditions of the experiment. 
As already mentioned above, the cononsolvency effect provides the possibility to start from 
pure water or pure methanol and “jump” to a cononsolvent mixture. PNIPAM shows no 
thermo-sensitive behaviour in pure methanol (see Figure 5.6). Thus, if a collapse is detected 
when jumping from pure methanol to a mixture with xMeOH = 0.2 it must come from 
cononsolvency, though there is a temperature increase (e.g. starting at 10 °C will result an end 
temperature of ~ 20 °C). 
 
 
 
 
 
 
 
 
Figure 5.6: Radius of the OV-microgel vs. temperature in pure methanol and in the mixture with 
xMeOH = 0.2. Upon a jump from pure methanol to xMeOH = 0.2 there is temperature increase of 
~ 10 K; however collapse is induced by cononsolvency. Data are taken from ref. 23. 
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5.3 Experiment and first results 
To analyse the changes upon mixing the stopped-flow device can be combined with 
different analysis techniques. One possibility is to follow the turbidity in the sample by 
transmission spectroscopy with visible light.13 Visible light transmission spectroscopy is a 
low cost method and the experiment can be realised with relatively low effort. The change of 
the turbidity change is analysable in an easy way. However to detect a turbidity change there 
has to be a high initial microgel concentration. Too high concentrations could lead to 
aggregation or hindrance in the flow. Also the concentration change has to be considered. 
Moreover, sample turbidity and particle radius do not necessarily change simultaneously (see 
chapter 3.2.1). Transmission spectroscopy is furthermore not able to detect changes in particle 
shape or structure and thus possible particle damage can not be resolved. 
It is an advantage to combine stopped-flow with an analysis technique which is sensitive 
to changes in particle size and shape. For example scattering techniques such as small angle 
X-ray scattering (SAXS)16 would be able to determine if the particle shape is influenced 
permanently by the flow through the stopped-flow device. Moreover, the change in particle 
structure and size can be traced directly via the scattering curves vs. time. To detect these 
curves in appropriate intervals the flux of the electron beam needs to be sufficiently high. The 
detector dead-time as well as the detector resolution have also to be taken into account.16 
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Convenient conditions exist for example at the ID02 beam-line at the ESRF in Grenoble, 
France. Measurements of the OV-microgel at the ID02 beam-line show that it is possible to 
follow the collapse of the microgel induced by cononsolvency with SAXS. As displayed in 
Figure 5.7 the form factor minimum is shifted to higher q with increasing time. The analysis 
of these data is in progress. More data, the analysis of them as well as experimental details 
can be found in the literature in near future.24 The measurements show that it is possible to 
combine time-resolved SAXS and stopped-flow in order to study the kinetics of the microgel 
collapse. 
 
Figure 5.7: Form factor curves of the OV-microgel at different times and when “jumping” from pure 
MeOH to xMeOH = 0.2. The first form factor minimum is not visible at the experiment start 
(3 ms) and becomes visible at greater time intervals. 
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Chapter 6: Summary and outlook 
6.1 Summary 
A series of microgels has been synthesized. The microgels were analysed regarding their 
phase behaviour, their structure and their dynamics in mixtures of methanol and water. 
Dynamic light scattering showed that the phase transition of all studied microgel becomes 
more and more continuous with increasing methanol fraction in the mixture. This can be 
attributed to a loss in cooperative interaction. Furthermore it was found, that the structure of 
the corresponding monomer as well as the composition of the microgel is of importance for 
their solubility and their phase behaviour in methanol/water mixtures. PNIPAM is build up 
from a secondary amide; it has a decreased VPTT in methanol/water mixtures with low and 
medium methanol fraction. PDEAAM and PVCL are from tertiary amides and do not show 
decreased, but increased VPTT in all studied methanol/water mixtures. NIPAM-DEAAM 
copolymers are influenced by the composition of the solvent. How much the copolymers are 
influenced is dependent on their monomer ratio. The more DEAAM-units are present in the 
microgel the more the behaviour of the copolymer resembles the behaviour of PDEAAM. 
Also the VPTT trend of P(NIPAM-co-DEAAM) microgels depends on the monomer ratio in 
similar way: the more DEAAM-units are present the less the VPTT is decreased. Phase 
behaviour and VPTT of core-shell microgels are also influenced by the solvent mixture 
composition. The VPTT of the PNIPAM-core-PDEAAM-shell microgel is decreased in 
methanol/water mixtures, which is attributed to the PNIPAM-core. By DLS it cannot be 
clarified if core and shell influence each other and which compartment is dominant. Also it 
can only be assumed that the PNIPAM part of the core-shell particle is affected by the solvent 
composition and the PDEAAM part is not. 
As SANS showed, the inner structure of PNIPAM and the copolymer microgels is 
influenced by the methanol fraction in the mixture. It was found that the structure of 
PDEAAM is rather unaffected. SANS experiments on core-shell particles revealed that the 
PNIPAM-core inside a PNIPAM-core-PDEAAM-shell microgel is in (partially) collapsed 
state in a MeOD/D2O mixture with xMeOD = 0.2 at 10 °C. The PDEAAM-shell is still in 
swollen state at the same conditions. Vice versa, the PDEAAM-core in a PDEAAM-core-
PNIPAM-shell particle is in swollen state and hinders the PNIPAM-shell from complete 
collapse in the xMeOD = 0.2 mixture at 10 °C. The PNIPAM-shell constricts the PDEAAM 
core at the same time. Thus, it could be shown that compartment restricted collapse of a core-
shell microgel can be achieved in MeOD/D2O mixtures. 
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By NSE it was shown that the inner network and chain dynamics of (partially) collapsed 
PNIPAM the xMeOD = 0.2 mixture at 10 °C is clearly distinguishable from those of swollen 
PDEAAM at the same conditions. The inner dynamics of core-shell microgels in the 
xMeOD = 0.2 mixture at 10 °C are neither comparable to those of neat PNIPAM nor to those of 
neat PDEAAM at these conditions. Moreover the dynamics of the core-shell particles can not 
be described with additions of the two neat cores. Therefore core and shell influence each 
other. 
An experiment to study the kinetics of the solvent induced PNIPAM phase transitions 
was developed. First measurements show that it is possible to study the kinetics of the solvent 
induced PNIPAM phase transition with time resolved SAXS combined with stopped-flow. 
 - 137 - 
6.2 Outlook 
The work described in the foregoing chapters contributes to the understanding of 
microgels in mixtures. However, there are still open tasks. 
One crucial and important point is the composition of the solvent inside the microgel 
network. The solvent composition inside the microgel is not necessarily the same as in the 
bulk solvent. It is however not trivial to determine the solvent composition inside a polymer 
network. For this purpose a quantitative NMR experiment could be developed.  
Another challenge is the exact determination of the core-dynamics and shell-dynamics 
in a core-shell particle. It was found with SANS that core and shell of a PNIPAM-PDEAAM 
core-shell particle can be in different swelling states in a MeOD/D2O mixture with 
xMeOD = 0.2 at 10 °C. The PNIPAM part of the core-shell particle will be in collapsed state, 
while the PDEAAM part is swollen. NSE revealed that core and shell influence each other 
(see chapter 4). It is however a challenge to distinguish between dynamics of the shell and 
dynamics of the core. One possible route could be developing contrast variation NSE 
experiments with core-shell particles which contain either a deuterated core or a deuterated 
shell. For this, suitable core-shell particles need to be synthesised. 
Moreover, the influence of the cross-linker is (best to my knowledge) not excessively 
studied so far. Both, the cross-linker concentration and the chemical structure of the cross-
linker could have influence on the behaviour of the corresponding microgel in methanol/water 
mixtures. A first experiment concerning the chemical structure of the cross-linker can be 
found in the appendix. However, more experiments are needed to clarify this point. 
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Chapter 7: Appendix 
7.1 Properties of solvents and solvent mixtures 
7.1.1 Densities of solvents 
The densities of the solvents and solvent mixtures are of importance for applications like 
SANS. Densities of pure solvents were taken from literature.1-3 Densities of methanol/water 
mixtures were determined with a Anton Paar dma 5000 densitometer and compared to 
literature values.4 Densities of twice distilled miliQ water (just “water” in the following) and 
pure methanol were also determined for comparison. Obtained temperature dependent 
densities of pure water and methanol are in good agreement with literature values and shown 
in Figure 7.1. 
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Figure 7.1: Temperature dependent densities of solvents and solvent mixtures as measured with 
densitometer. 
Densities of deuterated solvent mixtures, as determined with Anton Paar dma 5000 
densitometer, can be found in Table 7.1. 
Table 7.1: Densities in gcm-3 of deuterated solvent mixtures. 
Temperature [°C] Density [gcm-3] 
 xMeOD = 0.2 xMeOD = 0.35 xMeOD = 0.5 
10 1.0642 ± 0.0002 1.0342 ± 0.00004 0.8933 ± 0.000007 
12 1.0634   
15 1.0618   
20 1.0592   
25 1.0564   
30 1.0534   
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7.1.2 Refractive index 
For light scattering experiments the refractive index of the sample has to be known. Since 
highly diluted microgel dispersions are measured it is sufficient to use the refractive index of 
the solvent. For water, methanol, methanol/water mixtures, D2O and methanol-d4 literature 
values were used.1,4 The refractive index of methanol-d4/D2O mixture xMeOD = 0.2 was 
determined with a Michelson interferometer. Table 7.2 lists used refractive indices of solvents 
and solvent mixtures at 10 °C. 
Table 7.2: Refractive indices of solvents and solvent mixtures at 10 °C 
solvent/solvent mixtures refractive index n 
water 1.332 
xMeOH = 0.05 1.3325 
xMeOH = 0.1 1.3333 
xMeOH = 0.15 1.3340 
xMeOH = 0.2 1.3347 
xMeOH = 0.25 1.3352 
xMeOH = 0.3 1.3356 
xMeOH = 0.35 1.3359 
xMeOH = 0.4 1.3359 
xMeOH = 0.5 1.3354 
xMeOH = 0.6 1.3342 
xMeOH = 0.7 1.3325 
xMeOH = 0.8 1.3307 
xMeOH = 0.9 1.3294 
MeOH 1.3312 
D2O 1.3280 
xMeOD = 0.2 1.3385* 
MeOD 1.326 
*measured with Michelson interferometer at 20 °C 
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7.1.3 Viscosity 
Dynamic light scattering determines the average diffusion coefficient D0 in a microgel-
solvent mixture. It is therefore essential to know the dynamic viscosity η of the mixture to 
calculate the radius of the microgel from the Stokes-Einstein relation. Only highly diluted 
dispersions are used in DLS. Therefore the viscosity of the solvent respectively solvent 
mixture is sufficient. Viscosities of water and methanol were taken as programmed in the 
ALV correlator software V 3.0. This software uses eq. 7.1 to calculate viscosity of a solvent at 
a given temperature T. 
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To define the factors x and y two viscosity-temperature pairs for a certain solvent or 
solvent mixture need to be known. The factor x and y can then be calculated as: 
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Appropriate viscosity-temperature pairs for some MeOH/water mixtures were found in the 
literature.5-7 Viscosities of deuterium oxide (D2O)2,8 and methanol-d4 (MeOD)9 were also 
taken from literature. Table 7.3 lists the viscosity of the mixture with xMeOD = 0.2 at different 
temperatures which was measured via capillary viscometry. Further data on the viscosity of 
methanol/water mixtures was kindly provided by Fiete Dirkes. Viscosity was measured with 
capillary viscosimetry in a temperature range from 10 °C to 35 °C in 5 °C steps. The 
measured viscosities are in good agreement with the literature data and are shown in 
Table 7.3. 
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Table 7.3: Viscosities measured by capillary viscometry. Apart from xMeOD = 0.2 the data was kindly 
provided by Fiete Dirkes. 
Temp. [°C] dynamic viscosity η [mPas] 
 
xMeOD=0.2 xMeOH =0.149 xMeOH =0.175 xMeOH =0.199 xMeOH =0.25 xMeOH =0.350 
10 3.172 2.386 2.486 2.535 2.555 2.434 
12 2.941 --- --- --- --- --- 
15 2.635 2.008 2.090 2.137 2.162 2.083 
20 2.218 1.704 1.779 1.823 1.847 1.798 
25 1.890 1.475 1.535 1.570 1.594 1.564 
30 1.627 1.284 1.335 1.365 1.388 1.372 
35 --- 1.128 1.171 1.198 1.218 1.211 
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7.2 Influence of the synthesis method on phase behaviour 
The phase behaviour of the conventionally synthesised PNIPAM sample is discussed in 
chapter 3. Here the dynamic light scattering (DLS) results of the PNIPAM sample synthesized 
with the microwave method (PNIPAM_m) are presented. The phase behaviour of the 
PNIPAM_m sample was studied by DLS. Figure 7.2a shows Rh(T) of PNIPAM_m in water 
and in MeOH/water mixtures between xMeOH = 0.05 and 0.2. The same trend as for the 
PNIPAM sample was found. VPTT decreases with increasing methanol fraction; phase 
behaviour becomes more and more continuous with increasing methanol fraction. 
-10 0 10 20 30 40 50
30
40
50
60
70
80
90
 xMeOH = 0.15
 xMeOH = 0.16
 xMeOH = 0.18
 xMeOH = 0.2
 
 
 xMeOH = 0
 xMeOH = 0.05
 xMeOH = 0.1
 xMeOH = 0.12
 xMeOH = 0.14
R h
 
/ n
m
Temp / °C
a
 
-10 0 10 20 30 40 50
30
40
50
60
70
80
90
 
 
 xMeOH = 0.2
 xMeOH = 0.25
 xMeOH = 0.3
 xMeOH = 0.35
R
h 
/ n
m
Temp / °C
 xMeOH = 0.4
 xMeOH = 0.5
b
 
0 10 20 30 40 50
30
40
50
60
70
80
90
 
 
R
h 
/ n
m
Temp / °C
 xMeOH = 0.6
 xMeOH = 0.7
 xMeOH = 0.8
 xMeOH = 0.9
 xMeOH = 1 c
 
Figure 7.2: Rh(T) of PNIPAM_m in (a) xMeOH = 0.05, 0.15, and 0.1 - 0.2 in 0.02 steps (b) in MeOH/water 
mixtures with medium MeOH fraction and (c) in MeOH/water mixtures with MeOH excess. 
Figure 7.2b displays Rh(T) of PNIPAM_m in mixtures from xMeOH = 0.2 to 0.5. The 
plateau radius at high temperature becomes higher with increasing methanol fraction. The 
microgels do not collapse completely anymore in the medium methanol fraction range. In 
methanol-rich solvents with xMeOH > 0.5 Rh hardly dependents on the temperature; this is 
shown in Figure 7.2c. In xMeOH = 0.6 and 0.7 the particle is still slightly smaller than in 
methanol. In xMeOH = 0.8 and 0.9 PNIPAM_m has similar radii as in pure methanol. These 
results are very similar to the results found for PNIPAM synthesized conventionally (compare 
chapter 3.2.2). Thus, the synthesis method has no influence on the phase behaviour in water, 
methanol and methanol/water mixtures. 
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7.3 Dependence of the PTT on the methanol fraction determined by 
turbidimetry 
7.3.1 Homopolymers (chapter 3.2.3.3) 
The measurements revealed that the cloud point (CP) of PNIPAM in xMeOH = 0.1 is 
decreased compared to CP in water, as shown in Figure 7.3a. The cloud point decreases 
further until a methanol fraction of xMeOH = 0.3. There is a slight increase of CP for 
xMeOH = 0.35, and again for xMeOH = 0.375 followed by a significant increase in CP for 
xMeOH = 0.4. In mixtures with xMeOH = 0.5 and above there is no temperature dependence 
detectable any more. This is in agreement with other studies on PNIPAM.10 
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Figure 7.3: Temperature dependent turbidity of (a) PNIPAM in H2O and xMeOH = 0.1 to 0.5 and (b) of 
PDEAAM in H2O and xMeOH = 0.1 to 0.3. The symbols represent the data points, the dashed 
lines are guides to the eyes. 
Turbidimetry of PDEAAM in MeOH/water mixtures displays different behaviour. Clouding 
of PDEAAM-MeOH/water-mixtures, displayed in Figure 7.3b, occurs at higher temperature 
compared to clouding in pure water. Cloud points in xMeOH = 0.05, 0.1 and 0.15 are quite 
similar, between 34 and 35°C. (For reasons of clarity only the xMeOH = 0.1 is shown here.) In 
the xMeOH = 0.2 mixture clouding occurs at 41°C. There is no clear CP detectable anymore in 
mixtures with higher methanol fraction. This means the temperature sensitivity of PDEAAM 
disappears at lower methanol fraction, compared to PNIPAM. 
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7.3.2 Copolymers (chapter 3.2.4.4.) 
Cloud points of copolymers where determined by turbidimetry with visible light. 
Trans%(T) plots are presented in Figure 7.4. 
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Figure 7.4: Temperature dependent turbidity of (a) P(NIPAM-co-DEAAM)77 in H2O and xMeOH = 0.15 to 
0.45, (b) P(NIPAM-co-DEAAM)53 in H2O and xMeOH = 0.15 to 0.35 and (c) P(NIPAM-co-
DEAAM)28 in H2O and xMeOH = 0.2 to 0.35. The symbols represent the data points, the 
dashed lines are guides to the eyes. 
The CP of PNIPAM-rich P(NIPAM-co-DEAAM)77 experiences changes similar to pure 
PNIPAM, the CP minimum is reached in the xMeOH = 0.3 mixture. However the CP change 
from pure water to xMeOH = 0.3 (∆CP) is smaller. The P(NIPAM-co-DEAAM)53 microgel 
shows comparable CP decrease to PNIPAM-rich samples only in the low methanol fraction 
region (xMeOH = 0.05 to xMeOH = 0.2). The CP of P(NIPAM-co-DEAAM)53 increases again 
after it reached a minimum in xMeOH = 0.2. This minimum is at lower xMeOH than for the 
PNIPAM-rich sample. The PDEAAM-rich P(NIPAM-co-DEAAM)28 microgel shows only a 
slight decrease in CP. There is a CP minimum in the xMeOH = 0.15 (not shown for reasons of 
clarity) mixture, more methanol leads to increase in CP. In mixtures with xMeOH = 0.25 and 
0.3 the CP is already higher than in pure water. With increasing DEAAM content xMeOH 
where CPmin is found as well as ∆CP decrease. This underlines that DEAAM in NIPAM-
DEAAM copolymer increases the solubility in methanol/water mixtures. 
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7.4 Influence of the cross-linker on the cononsolvency of PDEAAM 
According to theories implying H-bonds to be a factor in cononsolvency11,12 the chemical 
nature of the cross-linker could have influence on the cononsolvency behaviour of microgels. 
The (for PNIPAM and other polyacrylamides) established cross-linker N,N'-
methylenbis(acrylamide) (BIS) possesses two secondary amide functional groups. These 
amide functional groups are H-bond donors and could therefore have some influence on the 
cononsolvency behaviour of a microgel cross-linked with BIS. PDEAAM cross-linked with 
BIS shows only little cononsolvency and linear PDEAAM shows hardly any cononsolvency 
in methanol/water mixtures.13,14 This makes PDEAAM the ideal candidate to evaluate the 
influence of the cross-linker on the cononsolvency behaviour. 
As alternative cross-linkers 1,4-butanediol diacrylate (BUD) and 1,4-diacryloylpiperazine 
(PIP) were used. Their chemical structure is displayed in Figure 7.5. PIP contains two tertiary 
amide functional groups in a six-membered ring. This ring increases the stiffness of the PIP 
cross-linked microgel slightly compared to the BIS cross-linked one. BUD contains no amide 
functional groups. As a diol diacrylate BUD could lead to increased hydrophilicity of the 
resulting PDEAAM microgel. There are no H-bond donor functions in PIP and BUD. 
Therefore PIP or BUD cross-linked PDEAAM should show even less sensitivity towards 
composition of methanol/water mixtures than BIS cross-linked PDEAAM. 
 
Figure 7.5: Chemical structure of N,N'-methylenbis(acrylamide) (BIS), 1,4-Diacryloylpiperazine (PIP) 
and 1,4-butanediol diacrylate (BUD). 
PDEAAM microgels with 5 mol % cross-linker each were synthesized: PDEAAM cross-
linked with PIP (PDEAAM_PIP) and BUD (PDEAAM_BUD). Synthesis was carried out in 
the same manner as described for the other homopolymer microgels (Described in 
experimental chapter 2). The microgels were analysed by DLS according to their 
cononsolvency behaviour. 
In pure water both, PDEAAM_PIP and PDEAAM_BUD show temperature sensitivity 
with a VPTT of 26.7 °C respectively 28 °C. The phase behaviour in water of PDEAAM_PIP 
is comparable to PDEAAM (cross-linked with BIS) while PDEAAM_BUD has deviant 
behaviour, like displayed in Figure 7.6. PDEAAM_PIP is therefore more comparable to 
PDEAAM. 
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Figure 7.6: Rh,rel(T) of PDEAAM (open squares), PDEAAM_PIP (half filled squares) and PDEAAM_BUD 
(squares with cross) in water. 
PDEAAM_PIP was studied in water, methanol and in xMeOH = 0.1, 0.15, 0.2, 0.35 and 0.5. 
In the mixtures phase behaviour of PDEAAM_PIP (Figure 7.7a) is slightly different 
compared to PDEAAM (Figure 7.7b). Rh is smaller in the mixtures below 27 °C, comparable 
to PDEAAM. The phase transition of PDEAAM_PIP becomes more continuous with higher 
methanol fractions compared to PDEAAM. There is a temperature dependence detectable in 
xMeOH = 0.35 for PDEAAM_PIP but not for PDEAAM. 
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Figure 7.7: Rh(T) in H2O (blue), xMeOH = 0.1 (grey), 0.15 (cyan), 0,2 (ochre), 0.35 (black) and MeOH 
(magenta) (a) PDEAAM_PIP (half filled squares) (b) PDEAAM (squares). 
Comparing the radii of PDEAAM_PIP (Figure 7.8a) and PDEAAM (Figure 7.8b) at 
10 °C, 20 °C, 30 °C and 40 °C shows that the particle size of PDEAAM_PIP is slightly more 
influenced by the composition of the solvent than PDEAAM. The general Rh trend is however 
comparable. 
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Figure 7.8: Rh vs. xMeOH for PDEAAM_PIP (half filled symbols) and PDEAAM (open symbols) (a) at 10°C 
(blue) and 30°C (black) and (b) at 20°C (green) and 40°C (red). The dotted lines are guides to 
the eyes. 
The VPTT of PDEAAM_PIP increases only slightly up to ~ 31 °C in xMeOH = 0.2. Rh(T) 
of PDEAAM_PIP in xMeOH = 0.35 is actually too continuous to define a VPTT. But the 
calculation of the first derivative results in a minimum at ~34 °C. 
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Figure 7.9: VPTT of PDEAAM_PIP (half filled squares) and PDEAAM (open squares) in different 
mixtures. The dotted lines are guides to the eyes. 
In summary, changing the cross-linker from BIS to PIP has no influence on the phase 
behaviour in water (see Figure 7.6) and slight influence on the phase behaviour in 
methanol/water mixtures (see Figure 7.7 and Figure 7.8). The VPTT of PDEAMM_PIP is less 
increased in the mixtures compared to PDEAAM (see Figure 7.9). These results suggest that 
PDEAAM_PIP is influenced by solvent composition of methanol/water mixtures. However, it 
is not clear if PDEAAM_PIP is more or less influenced compared to PDEAAM. On one hand 
the hydrodynamic radii below the VPTT of PDEAAM_PIP are more influenced by the 
solvent composition than the radii of PDEAAM. On the other hand the VPTT is less increased 
in the mixtures compared to water than it is the case for PDEAAM. 
This again suggests that the ability to form H-bonds is not the only parameter influencing 
cononsolvency. Further experiments with different microgels and/or cross-linkers are needed 
to clarify the influence of the cross-linker on solvent composition sensitivity. 
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7.5 Structure of microgels in methanol-d4/D2O mixtures 
All SANS curves discussed in the following sections were compiled from experiments 
made at the D11 at the ILL in Grenoble, France. Appropriate form factor fits were applied to 
calculate structural parameters from the data.15,16 In the depiction of the scattering curves the 
symbols represent the data points and the solid lines the form factor fits. Density profiles were 
calculated from structural parameters derived from the form factor fits.16 
7.5.1 SANS of PNIPAM and PDEAAM in different mixtures 
The scattering curves for PNIPAM in D2O, MeOD and in mixtures with xMeOD = 0.2, 0.35, 
0.5 at 10 °C are shown in Figure 7.10a. Scattering curves in D2O (blue symbols) and in 
MeOD (red symbols) are very similar over a wide q-range, thus the PNIPAM particle has 
similar size and structure in deuterium oxide and methanol-d4. PNIPAM is completely 
swollen at 10 °C both, in D2O and MeOD. This supports the DLS results. 
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Figure 7.10: (a) Scattering curves and (b) density profiles of PNIPAM in D2O (blue), MeOD (red) and in 
mixtures with xMeOD = 0.2 (ochre), 0.35 (black), 0.5 (orange) at 10 °C. 
In the mixtures the structure of the microgel is different from the structure in the pure 
solvents. Scattering curves from PNIPAM in xMeOD = 0.2 (ochre) and 0.35 (black) are similar. 
This implies that the particles have similar structure in xMeOD = 0.2 and 0.35. The structure in 
xMeOD = 0.5 (orange) deviates both from the structures in pure solvents and from the structures 
in xMeOD = 0.2 and 0.35 since the scattering curve lies between the ones in pure solvents and 
in xMeOD = 0.2 and 0.35. The form factor fits of the SANS data gave reasonable results. The 
density profiles in Figure 7.10b represent the different particle density in different 
MeOD/D2O mixtures. Polymer segment density is highest in the xMeOD = 0.2 mixture and 
lowest in D2O. 
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Figure 7.11: (a) Scattering curves and (b) density profiles of PDEAAM in D2O, MeOD and in mixtures at 
10 °C. 
Scattering curves for PDEAAM in MeOD (red symbols) and in D2O (blue symbols) differ 
slightly, as shown in Figure 7.11a. This means slightly different structures exist for the 
PDEAAM particle in the two pure solvents. It was found that the radius of the PDEAAM 
particle in methanol is slightly bigger than in water, which was also observed in DLS (see 
chapter 3). The structure of the PDEAAM microgels is also slightly different in mixtures 
compared to the pure solvents. The structure change is much less pronounced compared to 
PNIPAM. Fits suggest that mostly the thickness of the fuzzy surface (σsurf) is different in 
different mixtures and the radius R stays nearly constant. This is also expressed by the density 
profiles shown in Figure 7.11b. The polymer volume changes only slightly and in all the 
mixtures a smooth decay of polymer segment density is found. Table 7.4 summarizes the fit 
results of the two homopolymer microgels. 
Table 7.4: Form factor fit results of PNIPAM and PDEAAM in D2O, MeOD and in MeOD/D2O mixtures. 
 solvent Temp. [°C] R [nm] σsurf [nm] RSANS [nm] Vol % 
D2O 10 39 ± 3.5 12.5 ± 1.1 64 ± 5.8 9.5 ± 0.9 
D2O 50 26.2 ± 2.4 2.1 ± 0.2 30.4 ± 2.7 58 ± 5.2 
xMeOD = 0.2 10 29.5 ± 2.7 4.5 ± 0.4 38.5 ± 3.5 29.4 ± 2.7 
xMeOD = 0.35 10 32 ± 2.9 5.2 ± 0.5 42.4 ± 3.8 28 ± 2.5 
xMeOD = 0.5 10 33.8 ± 3.0 7.9 ± 0.7 49.6 ± 4.5 20 ± 1.8 
PNIPAM 
MeOD 10 39.4 ± 3.5 10.8 ± 0.9 61 ± 5.5 16.3 ± 1.5 
D2O 10 39.5 ± 3.6 11.0 ± 1.0 61.5 ± 5.54 20 ± 1.8 
D2O 50 31.2 ± 2.8 0.5 ± 0.04 32.2 ± 2.9 55.3 ± 5 
xMeOD = 0.2 10 40.5 ± 3.7 12 ±1.1 64.5 ± 5.8 21 ± 1.9 
xMeOD = 0.35 10 42 ± 3.78 9 ± 0.81 60 ± 5.40 20 ± 1.8 
xMeOD = 0.5 10 41.5 ± 3.73 11.8 ± 1.06 65.1 ± 5.86 20 ± 1.80 
PDEAAM 
MeOD 10 41.8 ± 3.76 11.8± 1.1 65.4 ± 5.9 16 ± 1.4 
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7.5.2 SANS of copolymer microgels in different mixtures (chapter 4.3.2.1) 
The structure of the copolymers is affected. How much they were affected was, like in the 
case of phase behaviour, dependent on the DEAAM content in the microgel. Three copolymer 
microgels were investigated: the P(NIPAM-co-DEAAM)53, a copolymer with ~ 17 % 
DEAAM units (P(NIPAM-co-DEAAM)83) and one with ~74 % DEAAM units (P(NIPAM-
co-DEAAM)26) in the gel network. The later two were kindly provided by Dr. Martina 
Keerl*. Data in pure D2O of those two microgels were taken as provided in Dr. Keerls PhD 
thesis.17 Scattering curves of these two microgels in D2O can be found in Dr. Keerls thesis as 
well as in literature.18 
P(NIPAM-co-DEAAM)83 
The structure of the copolymer with the highest NIPAM content is strongly influenced by 
the solvent composition, as Figure 7.12 shows. According to the scattering curves in 
Figure 7.12a and the corresponding density profiles in Figure 7.12b the P(NIPAM-co-
DEAAM)83 microgel is swollen in the pure solvents. There is a lower polymer density in 
D2O than in MeOD. The much sharper form factor minimum of the scattering curve as well as 
the increased polymer density in the xMeOD = 0.2 mixture compared to MeOD suggest a strong 
collapse. The form factor curve in xMeOD = 0.35 shows a less defined minimum and a lower 
polymer density than in xMeOD = 0.2; but compared to MeOD particle structure must be 
denser. However in xMeOD = 0.5 polymer density increases again and also the minimum in the 
corresponding form factor curve is more pronounced than in xMeOD = 0.35. According to 
SANS results of all other microgels as well as the DLS measurements of the comparable 
copolymer microgels a collapse in this mixture is implausible. A probable explanation is an 
error during the preparation of the measured sample. 
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Figure 7.12: (a) Scattering curves and (b) density profiles of P(NIPAM-co-DEAAM)83 microgel dispersed 
in D2O (blue), MeOD (red) and in mixtures with xMeOD = 0.2 (ochre), 0.35 (black) and 0.5 
(orange) at 10 °C. 
                                                 
*
 In Dr. Keerls thesis P(NIPAM-co-DEAAM)83 is labelled as PD-(17/83) and P(NIPAM-co-
DEAAM)26 as PD-(74/26) 
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P(NIPAM-co-DEAAM)53 
Figure 7.13a shows scattering curves of the P(NIPAM-co-DEAAM)53-copolymer in 
different solvents and solvent mixtures. At a methanol fraction of xMeOD = 0.2 (ochre) there is 
a well defined form factor minimum and a steep slope is found at intermediate q indicating 
that collapsed particles with a sharply defined surface are present at this solvent composition. 
At higher methanol fraction of xMeOD = 0.35 (black) the form factor minimum is found at 
lower q and the slope is less steep. This indicates a less collapsed particle structure in 
xMeOD = 0.35 than in xMeOD = 0.2. Moreover in the mixture with xMeOD = 0.5 (orange) the 
particle structure is more similar to the particle structure in pure solvents than it is the case for 
PNIPAM. This can be estimated from the similar scattering curves of P(NIPAM-co-
DEAAM)53 in D2O (blue), MeOD (red) and xMeOD = 0.5 (orange). This could be a hint for the 
higher affinity of PDEAAM units inside the polymer to MeOD. Density profiles in 
Figure 7.13b show that the copolymer microgel has a high polymer density in xMeOD = 0.2 and 
xMeOD = 0.35. It has however a low polymer density in MeOD and an even lower polymer 
density in D2O. 
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Figure 7.13: (a) Scattering curves and (b) density profiles of P(NIPAM-co-DEAAM)53 in D2O, MeOD and 
in mixtures with xMeOD = 0.2, 0.35 and 0.5 at 10 °C. 
P(NIPAM-co-DEAAM)26 
Structure of the DEAAM-rich copolymer P(NIPAM-co-DEAAM)26 changes with solvent 
composition. Again, the microgel has the most rigid structure in the mixture with xMeOD = 0.2 
(ochre). With increasing methanol fraction the structure becomes more porous, as indicated 
by the scattering curves in Figure 7.14a and the corresponding density profiles in 
Figure 7.14b. The microgel has the most porous structure, and therefore biggest swelling, in 
D2O (blue). In MeOD (red) the structure is slightly less porous. This is not in agreement with 
DLS data since a bigger radius was found in pure MeOH than in water for a comparable 
copolymer particle (compare chapter 3.2.4.3). On the other hand the structures in 
xMeOD = 0.35 (black) and xMeOD = 0.5 (orange) appear quite similar according to the scattering 
data. This could be a hint for preferential adsorption of methanol in the network. 
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Figure 7.14: (a) Scattering curves and (b) density profiles of P(NIPAM-co-DEAAM)26 dispersed in D2O, 
MeOD and in mixtures with xMeOD = 0.2, 0.35 and 0.5 at 10 °C. 
Form factor fit results of all copolymer microgels can be found in  
Table 7.5. 
 
Table 7.5: Form factor fit results of the copolymers 
 solvent Temp. [°C] R [nm] σsurf [nm] RSANS [nm] Vol % 
D2O* 12 69 ± 6.2 12 ± 1.1 93 ± 8.4 7 ± 0.6 
D2O* 50 42 ± 3.8 0.5 ± 0.0 43 ± 3.9 56 ± 5.0 
xMeOD = 0.2 10 50 ± 4.5 2.5 ± 0.2 55 ± 5.0 34.4 ± 3.1 
xMeOD = 0.35 10 57.5 ± 5.2 14.5 ± 1.3 86.5 ± 7.8 25.7 ± 2.3 
xMeOD = 0.5 10 56.5 ± 5.1 6.6 ± 0.6 69.7 ± 6.3 36.1 ± 3.2 
P(NIPAM-
co-
DEAAM)83 
MeOD 10 70.6 ± 6.4 19 ± 1.7 108.6 ± 9.8 16 ± 1.4 
D2O 10 41.9°± 3.8 12.3°± 1.1 66.5°± 6 19.3°± 1.7 
D2O 50 29.5°± 2.7 1.0°± 0.1 31.5°± 2.8 43.9°± 4.0 
xMeOD = 0.2 10 34.2°± 3.1 3.2°± 0.3 40.6°± 3.7 41.1°± 3.7 
xMeOD = 0.35 10 37.5°± 3.4 8.3°± 0.8 54.1°± 4.9 32.3°± 2.9 
xMeOD = 0.5 10 40.5°± 3.7 11.5°± 1. 63.5°± 5.7 29.1°± 2.6 
P(NIPAM-
co-
DEAAM)53 
MeOD 10 42.5°± 3.8 12.0°± 1.1 66.5°± 5.9 22.0°± 2.0 
D2O* 10 80°± 7.2 17°± 1.5 114°± 10.3 12°± 1.1 
D2O* 38 53°± 4.8 0.05°± 0.0 53.1°± 4.8 52°± 4.7 
xMeOD = 0.2 10 67.1°± 6.0 11.3°± 1.0 89.7°± 8.1 23.5°± 2.1 
xMeOD = 0.35 10 77.2°± 6.9 15.8°± 1.4 108.8°± 9.8 20.2°± 1.8 
xMeOD = 0.5 10 85°± 7.7 17.8°± 1.6 120.6°± 10.9 17.4°± 1.6 
P(NIPAM-
co-
DEAAM)26 
MeOD 10 88.8°± 8 22.3°± 2.1 133.4°± 12.0 15.2°± 1.4 
*Data are taken from Dr. Keerls thesis, reference 17.  
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7.5.3 Influence of particle architecture on structure and dynamics 
Comparison of scattering curves (chapter 4.3.2.1) 
Figure 7.15 shows scattering curves of PNIPAM, PDEAAM, P(NIPAM-co-DEAAM)53 
and a PDEAAM-core-PNIPAM-shell microgel in mixture with xMeOD = 0.2. The plot provides 
scattering curves for the P(NIPAM-co-DEAAM)53 microgel with NIPAM content of ~ 53% 
and of the PDEAAM-core-PNIPAM-shell microgel where the PNIPAM shell contributes 
~ 40 % to the total particle mass. 
On the left hand side the scattering curves with absolute measured intensities are shown; 
on the right hand side the scattering curves have been randomized to make differences better 
visible. Data are depicted by the symbols; the solid lines represent the respective fit. The 
curve of the PDEAAM is typical for a swollen microgel whereas the PNIPAM and copolymer 
sample resemble scattering curves of collapsed microgels. In contrast to the PDEAAM curve 
the PNIPAM and the copolymer curve in Figure 7.15 have more distinct minima. The 
minimum of the scattering curve of the PDEAAM-core-PNIPAM-shell particle is also 
pronounced. The copolymer and the core-shell microgel have comparable composition but 
different internal structure as the SANS data analysis showed. 
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Figure 7.15: PNIPAM (green), P(NIPAM-co-DEAAM)53 (ochre), PDEAAM-core-PNIPAM-shell (orange) 
and PDEAAM (cyan) in xMeOD = 0.2 at 10 °C (a) on absolute I(q) and (b) with arbitrary units 
for better comparison. 
The SANS data analysis for the P(NIPAM-co-DEAAM)53 clearly shows that the 
microgel de-swells in methanol-d4/deuterium oxide-mixtures as compared to the pure 
solvents. The value of σsurf in the solvent mixture with xMeOD = 0.2 is much smaller then in 
D2O. 
The scattering curve of the core-shell microgel was fitted with two different form factor 
models, namely the above mentioned standard model for microgels with a fuzzy corona16 and 
with a model for core-shell microgels.19,20 The standard model gave only unsatisfying fit 
results while the core-shell model gave reasonable fit results. The density profile, calculated 
from the core-shell model fits, decays rather steeply indicating that the PNIPAM shell is 
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collapsed as it would be expected from the behaviour of neat PNIPAM-core. The relative 
variation of R with solvent composition is smaller than for σsurf, which further indicates that 
the PDEAAM-core is in the swollen state. The different behaviour becomes obvious by 
comparing the scattering curves and density profiles of the copolymer and the core-shell 
particles. 
Comparison of composition and architecture 
All copolymers are collapsed at a methanol fraction of xMeOD = 0.2. Interestingly already a 
small PNIPAM content leads to a significant shrinkage of the microgels in water/methanol 
mixtures which indicates the relevance of cooperativity in solvation, as was pointed out by 
Tanaka et al.21 For all microgels a change of the radii RSANS with the change of the methanol 
content in the solvent mixture can be observed. However, differences were found in the 
magnitude of the effect. The effect of cononsolvency depends on the NIPAM content in the 
copolymer. Decreasing the total amount of NIPAM units in the copolymer leads to less 
pronounced cononsolvency. 
The PDEAAM-core of a PDEAAM-core-PNIPAM-shell particle dispersed in the 
cononsolvent MeOH/water xMeOH = 0.2 was found to be swollen while the shell was 
collapsed. In this case the PNIPAM-shell exerts pressure onto the swollen PDEAAM-core. 
Moreover, the PDEAAM-core prevents the complete collapse of the PNIPAM-shell. In a 
particle with inverse architecture, PNIPAM-core-PDEAAM-shell, the PNIPAM-core should 
be in collapsed state and the PDEAAM-shell should be swollen. It is probable that there is 
also an influence of shell and core on each other. 
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PNIPAM-core-PDEAAM-shell vs. PDEAAM-core-PNIPAM-shell 
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Figure 7.16: Scattering curves of (a) PNIPAM-core-PDEAAM-shell and (b) PDEAAM-core-PNIPAM-
shell. 
The structure of both core-shell particles changes with the composition of the solvent. 
Both microgels are fully swollen in the pure solvents D2O and MeOD. This is indicated by the 
hardly distinct form-factor minima of the scattering curves in D2O (blue) and MeOD (red). In 
xMeOD = 0.2 and 0.35 the structure of PNIPAM-core-PDEAAM-shell is similar, which can be 
estimated from the almost superimposing scattering curves (see Figure 7.16a) in those two 
mixtures. Interestingly this also applies to the PDEAAM-core-PNIPAM-shell sample, 
scattering curves for xMeOD = 0.2 and 0.35 are very similar (Figure 7.16b). 
In the mixtures the structure of PNIPAM-core-PDEAAM-shell is neither similar to the 
neat PNIPAM-core (Figure 7.10a) nor to the PDEAAM particle (Figure 7.11a). Likewise the 
structure of PDEAAM-core-PNIPAM-core in the mixture is different from the structures of 
the neat PDEAAM-core and the PNIPAM particle. This implies that in both cases neither the 
core nor the shell dominates the particle structure in the mixtures. In Table 7.6 all form factor 
fit results of the core-shell microgels are summarised.  
Table 7.6: form factor fit results of the core-shell microgels. All experiments were performed at 10 °C 
 solvent Rcore [nm] 
2σsurfcore 
[nm] 
Rshell 
2σsurfshell 
[nm] 
RSANS [nm] 
D2O 40 ± 3.6 13 ± 1.2 72 ± 6.5 18 ± 1.6 90 ± 8.1 
xMeOD = 0.2 38.5 ± 3.5 3.7 ± 0.3 63.8 ± 5.7 20 ± 1.8 83.8 ± 7.5 
xMeOD = 0.35 42.1 ± 3.8 4.9 ± 0.4 67.7 ± 6.1 20 ± 1.8 87.7 ± 7.9 
xMeOD = 0.5 38 ± 3.4 10 ± 0.9 68.3 ± 6.1 19.6 ± 1.8 87.9 ± 7.9 
PNIPAM-
core-
PDEAAM-
shell 
MeOD 37 ± 3.3 13.5 ± 1.2 74.4 ± 6.7 22 ± 2.0 96.4 ± 8.7 
D2O 48 ± 4.3 24 ± 2.2 107 ± 9.6 33 ± 3 140 ± 12.6 
xMeOD = 0.2 44 ± 3.9 13 ± 1.2 72.3 ± 6.5 12 ± 1.1 84.3 ± 7.6 
xMeOD = 0.35 44.2 ± 4 13 ± 1.2 79 ± 7.1 12 ± 1.1 91 ± 8.2 
PDEAAM-
core-
PNIPAM-
shell MeOD 47.6 ± 4.3 20.7 ± 1.9 103.1 ± 9.3 33 ± 3 136.1 ± 12.3 
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7.6 NSE: First fitting approach 
In a first experiment (mentioned in chapter 4) the concentration of the microgels in the 
mixture was kept at 0.2 wt %. For these measurements an approach was also developed (by 
Dr. O. Holderer).22 The results described here were previously published in PCCP, 2012, vol. 
14, pages 2762-2766 (reference 22). 
The dynamics of PNIPAM were described with a model also valid for the copolymer 
(chapter 4.2) 
))(exp()0,(
),( 2tqD
qS
tqS
MG−=
                                               7.4) 
For the PNIPAM particle there needs to be an additional contribution from segmental 
dynamics at higher q. These could not be resolved in the first experiment due to the 
unsatisfying statistics. 
Like in the second experiment, the intermediate scattering function of the PDEAAM 
microgel particle showed a significant decay in the time window of the first experiment in 
contrast to PNIPAM and the P(NIPAM-co-DEAAM)53 sample. For the analysis of the 
PDEAAM sample the normalized intermediate scattering functions were described with the 
following fitting function, at first: 
( ))exp())(1()(exp()()exp(),( 232 tqDqAtqDqAtqDtqS cZimmMG −⋅−+−⋅−= β
  7.5) 
Different types of dynamics will contribute to this equation (1). On local length scales as 
measured at higher q-values with NSE, polymer chains undergo Zimm motion in a solution 
where hydrodynamic interaction is important. The Zimm model predicts a q3-dependent 
relaxation rate (DZimm) and a stretched exponential relaxation. At higher cross-link densities, 
when the observed length scale probes the mesh of the network, collective diffusion (Dc) with 
a q2-dependent rate and a simple exponential decay is expected, as e.g. observed by Hellweg 
et al.,23 Adelsberger et al.24 or Farago et al.25. The translational diffusion of the entire 
microgel particle is overlying these contributions and is accounted for with the multiplicative 
first exponential function. The diffusion constant for the particle diffusion, DMG, has been 
measured with DLS and was fixed in the further analysis. 
The stretching exponent of β = 0.85 comes from a fit to the integral version of the Zimm 
segmental dynamics.26 From the stretched exponential contribution one can obtain the 
viscosity from DZimm (which is obtained by the Zimm model).26 
The weighting factor A(q) in eq. 7.5) tells which type of relaxation dominates, either the 
q3-dependent Zimm dynamics with a stretching exponent of β = 0.85,26 or a collective 
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diffusive q2-dependent relaxation. An elastic contribution from static inhomogeneities as 
observed by Koizumi et al.27 would be represented by a finite A(q) with small diffusion 
coefficient Dc. For this first experiment, it was not practicable to make an additional 
distinction between q2- and q3-dependent components and an elastic contribution. 
The apparent viscosity of the solvent determined by the Zimm fit for q = 0.15 Å-1, 
however, is found to be ~ 9 ± 2 mPas, i.e. much higher than the value of 3.17 mPas for the 
D2O/MeOD solvent mixture, possibly indicating that the full Zimm regime is not yet reached. 
However, any elastic contribution would also lead to an apparent increased viscosity. Part of 
the apparent high viscosity could be a signature of static inhomogeneities in analogy to the 
observations in PNIPAM macrogels.28,29 With the solvent viscosity of 3.17 mPas and an 
additional elastic contribution no satisfying fits could be obtained. A higher apparent viscosity 
was found also in the second experiment. As mentioned above, our microgels are synthesized 
in the collapsed state, thus the swelling leads to an increase in network inhomogeneities. This 
leads to different relaxation rates of the chains in a swollen and in a collapsed microgel. The 
static inhomogeneities of the local gel network could thus at least partly explain the apparent 
high viscosity found in the PDEAAM sample with the Zimm model. More details on the NSE 
experiments can be found in chapter 4 and in reference 22. 
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